ABSTRACT

LI, XIANGMING. Modeling and Measurement of the Differential Resistance and Ideality
Factors in Heterostructure Light Emitting Diodes and Laser Diodes. (Under the direction of
Dr. Robert M. Kolbas.)

In this work, experimental measurements and modeling have been conducted to investigate
the nonlinear behavior of the differential resistance and ideality factors in semiconductor
heterostructure light emitting diodes (LEDs) and laser diodes (LDs). The modeling consists
of both analytical models that experimentalist can easily apply, and numerical models to
account for physical mechanisms that can not be solved in closed form. Good agreement is
found between the experimental results and the modeling. The limitation of using simple
diode equations with constant series/shunt resistance and ideality factors are outlined, and a
methodology for including the majority carrier injection and the minority carrier leakage in
the model leads to relatively straightforward explanations for complex phenomena such as
the reversal of the kink polarity in the differential resistance at laser threshold observed in
some laser diodes.

Variable derivative ideality factors which can be measured from different orders of
derivatives from the current-voltage characteristics are defined and proposed as important
parameters to indicate dominant recombination path(s) and bias level in the active region of
LEDs and LDs. The ideality factor associated with a single recombination pathway with
power-law dependency of current on the carrier concentration in an intrinsic and quasi-
neutral active region is found to have a fixed value inversely proportional to the power factor

at low bias conditions. The ideality factor is no longer a constant at high injection levels due



to carrier degeneracy. When multiple recombination mechanisms exist at the same time in
the same active region, changes in the ideality factors can be observed when the additional
recombination paths become significant.

The process of majority carrier injection from the device terminals to the active region
creates additional nonlinearity in the differential resistance and the ideality factors. A semi-
analytical model, in which the interaction between the confining layer and the active region
is implied in the thermionic emission boundary conditions at heterointerfaces, is proposed to
investigate the effects from majority carrier injection. Instead of being the sum of values
directly from the active region and from the heterointerfaces, analysis shows that the
differential resistance and ideality factors at the device terminals are partially from the active
region and the remainder from the heterointerface. The model was extended to a simple laser
model with the inclusion of junction quasi-Fermi level splitting saturation in the active region
upon threshold. The model predicts: 1) reduced or even zero kink height in both the
differential resistance and the ideality factors at threshold, and; 2) decreasing differential
resistance and increasing ideality factor after threshold at the device terminals due to
majority carrier injection.

The effects from minority carrier overflow on laser diode differential resistance are
investigated through a simplified one dimensional self-consistent numerical model.
Simulations showed: 1) that the majority carrier injection could be responsible for the
decrease and the disappearance of the differential resistance and the ideality factor kinks at

threshold (due to less interaction between the active region and the confining layers as in the



semi-analytical model), and; 2) the minority carrier overflow could create kinks with reverse
polarity.

Measurements on various LEDs and LDs at different temperatures showed good agreement
with the proposed models. The analytical and numerical models correlated many
experimentally observed features with specific physical mechanisms. This work has made
possible the modeling of semiconductor optoelectronic devices with relatively simple
parameters and methods, and experimentalists can use this approach to understand and

characterize complex device phenomena.
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Chapter 1

Introduction

1.1 Research Context: Modeling and Measurement of the Differential
Resistance and Ideality Factors in Heterostructure Light Emitting Diodes

and Laser Diodes

Heterostructures, particularly double heterostructure (DH) light emitting diodes (LEDs) and
laser diodes (LDs), are widely used in our everyday life and they are important subjects of
semiconductor physics research and photonic devices [1]. There are many applications for
these optoelectronic devices in fields such as scientific instrumentation, machining,

telecommunication, consumer electronics (e.g. CD/DVD players), and solid-state lighting.



Light-current-voltage (L/1/V) measurements are the basic testing methodology for light
emitting diodes and laser diodes. Their derivatives, typically the derivatives with respect to
current such as dL/dI, dVv/dI, d’L/dI%, d®V/dI?, and the derivatives with respect to voltage such
as dL/dV, dI/dV, d’L/dV?, d®I/dV?, are rich with information but relatively under utilized.
These derivative measurements are capable of directly finding the slopes and therefore the
fine structure in the L/I/V characteristics. Among these derivative measurements, differential
resistance/conductance spectroscopy is the one that is most widely used. It has been
demonstrated that derivative measurements are a powerful tool in extracting diode
parameters such as the ideality factor and series resistance [2-8]. Nevertheless, previous
studies were mainly carried out on devices that have “kinks” in the electrical or optical
derivative characteristics such as laser diodes [9-12] and resonant tunneling diodes [13, 14].

Several techniques can be used to obtain the derivatives of L/I/V. Numerical differentiation
between data points from the L/I/V measurements are relative simple but this approach is
susceptible to measurement noise and error. The most widely used method is the ac
technique, in which a small amount of sinusoidal signal is superimposed on the dc bias
current (or voltage), and the derivatives can be inferred from the corresponding ac amplitudes
in the voltage (or current) and light. With technologies such as phase-sensitive detection
(lock-in amplifiers) and frequency mixing, the derivatives of L/I/V can be obtained in a more
accurate and fast way. In this thesis, experiment data were taken with a custom-made
derivative machine using the ac technique [15, 16, 17].

It has been reported that the stimulated emission/recombination in semiconductor laser

diodes changed the device I-V characteristics [18]. The abrupt drop of differential resistance



at self-sustained oscillation threshold was observed by Eliseev et al. in homostructure GaAs
laser diodes [9], and later in heterostructure lasers [4, 11] including quantum well lasers [19].
It was assumed that the sudden drop of laser diode differential resistance was a result of
junction voltage saturation upon lasing threshold. A theoretical model was developed by
Paoli for the electrical derivatives in the vicinity of threshold by including the coupling
between the electrical and the optical fields from the classical phenomenological photon-
electron rate equations [20], and by Joyce and Dixon who also included the nonradiative
recombination in the model [21]. Similar treatments were used for models that considered
Auger recombination and carrier leakage from the active region [22, 23]. In these
“recombination models”, the nonlinear resistance of a device is considered to originate
mainly from the active region, which is modeled as an ideal pn junction diode with a constant
ideality factor. The “junction voltage” of a laser diode is expected to saturate upon lasing
threshold and the terminal voltage Ve is assumed to be related to the “junction voltage” V;
through Vj=Vex-IRs, where | is the device current and Rs is the series resistance from the

other layers and the Ohmic contacts.

1.2 Purpose of This Work

In this dissertation, studies are focused on the differential resistance and ideality factors of
heterostructure light emitting diodes (LEDs) and laser diodes (LDs) as they are related to
various derivative measurements (e.g. dv/dl, d®v/dI?) . The nonlinearity in the differential

resistance is considered as a result of both the carrier transport across heterojunction



interfaces (majority carrier injection and minority carrier leakage) and the recombination
mechanisms in the active region. The “recombination model” of the active region previously
described is extended to general power-law carrier concentration dependent recombination
currents, especially the widely used ABC model for semiconductor optoelectronic devices
with and without laser action. The relation between the differential resistance/conductance
and the ideality factor from recombination mechanisms in the active region are investigated.
Instead of using a constant ideality factor as a key parameter as in most textbook models,
non-constant local ideality factors measurable from derivative measurements are introduced
and the changes in these ideality factors associated with the active region quality and bias
condition are studied. In addition to recombination in the active region, carrier transport
across heterojunctions contributes to the nonlinearity in the differential resistance. A semi-
analytical model and a numerical model are proposed and both include thermionic emission
boundary conditions at the heterojunction interface to study the effects of the majority carrier
injection and the minority carrier overflow on device differential resistance and ideality

factors.

1.3 Dissertation Outline

The definition and the extraction techniques of the constant ideality factors are briefly
introduced in Chapter 2, Section 2.1 and 2.2. The relation between the non-constant ideality
factors and the derivative measurements is derived in Section 2.3 and the concept of

“derivative ideality factors” is introduced. In Section 2.4, the ideality factors associated with



a single recombination current pathway with power-law dependency on the carrier
concentration are derived. The model is further extended for LEDs and LDs where several
recombination mechanisms exist at the same time with the ABC model in Section 2.5.
Ideality factors measured from some commercial LEDs and LDs are presented in Section 2.6
In this section, the model and the experimental measurements are compared and methods for
parameter extraction and device quality evaluation are presented.

In addition to the recombination in the active region of a LED or LD, the differential
resistance and ideality factors are also affected by the process of majority carrier injection
from device terminals to the active region. In Chapter 3, a semi-analytical model is proposed
to investigate the effects of majority carrier injection. The device is based on the active
region described in Chapter 2 with cladding layers added next to the active region. The
model is briefly introduced in Section 3.1, and the assumptions for the semi-analytical model
are stated in Section 3.2. Derivations of the current-voltage equation with the “Thermionic
Emission-Diffusion” model and the “Thermionic Emission” model are presented in Section
3.3, followed by a discussion of the relation between the internal and the external electrical
characteristics arising from the majority carrier injection across heterojunction boundaries in
Section 3.4. In Section 3.5, the differential resistance and ideality factors associated with
quasi-Fermi level splitting saturation effects in the active region are addressed. Low
temperature experimental data are shown in Section 3.6 and conclusions are presented in
Section 3.7.

In Chapter 4, the effects from minority carrier overflow are considered in addition to the

majority carrier injection effects from the previous chapter. No analytical model can be found



and a simplified one dimensional (1-D) self-consistent numerical model is proposed and
implemented. Following the introduction in Section 4.1, the details of the numerical model
are described in Section 4.2. Sample simulation results with a simplified heterostructure laser
diode are shown and compared with the semi-analytical model in Section 4.3. Important
parameters that affect the laser diode over-barrier leakage currents are discussed. Simulations
of the effects of minority carrier leakage on laser terminal differential resistance are
demonstrated and compared with experiment data, followed by a summary in Section 4.4.
Important conclusions of this work are summarized in Chapter 5 and some proposals for

future work are also given in this chapter.



Chapter 2

Electrical Derivative Measurements and Ideality

Factors

2.1 Introduction

Derivative spectroscopy is an excellent tool for finding details in the electrical and optical
characteristics of diodes as it is possible to directly measure the slopes in the light-current-
voltage (L/I/V) measurements. Previous work has been done on devices such as laser diodes
and tunneling diodes, and investigations were mainly focused on the “kinks” in the
derivatives when a resonant phenomenon occurs [9-14].

In this chapter, derivative measurements are further extended and generalized for devices

such as light emitting diodes, and laser diodes before lasing threshold. The ideality factor of a



diode is found to be closely related to electrical derivatives and the use of ideality factors for
device parameter extraction are explored.

The organization of this chapter is as follows: in Section 2.2, the definition of ideality
factor and its extraction methods are briefly reviewed. The non-constant ideality factor and
its link to different orders of the electrical derivatives are described in Section 2.3. A new
“derivative ideality factor” is introduced in this section. The theoretical constant and non-
constant ideality factor associated with power-law currents are investigated in Section 2.4.
These ideality factors are related to the power factor of the recombination currents as well as
the device bias level. In Section 2.5, the theory is extended for device active region with
multiple recombination mechanisms. The model with 4BC recombination coefficients
indicates that the changes in the ideality factor are associated with additional recombination
paths being turned on. In Section 2.6, examples using this theory for parameter extraction are

presented, followed by a summary in Section 2.7.

2.2 The Constant Ideality Factor

2.2.1 The origin and the definition of ideality factor

The “traditional” ideality factor m (sometimes denoted with other symbols such as # or 7), or
the so called non-ideality factor, quality factor, m-factor, curve shape factor, is a constant
used to describe the simple exponential dependency in the current-voltage characteristics of a

semiconductor junction as



V.
J=JS~{eXp(m"V j—l} (2.1)

where V; is the junction voltage, V7 is the thermal voltage kz17q, and Js is the saturation
current density when the diode is reverse biased. When m equals to 1.0, it is the “ideal”
junction because it follows the well-known Shockley diode equation.

The ideality factor is a useful parameter as it can be used to account for the main
recombination pathway inside the device around a certain bias level, and it can be used to
identify the material and the device quality. For example, in a simple p-n junction diode, the
diffusion current in the quasi-neutral region has an ideality of 1.0 [24], while the generation-
recombination current through single mid-gap trap level in the depletion region has an
ideality factor of 2.0 from the renowned Sah-Noyce-Shockley (SNS) model [25, 26]. The
actual Shockley-Read-Hall (SRH) recombination current is bias dependent [30] and typically

the value of m is between 1.0 and 2.0 [27-29].

2.2.2 The ideality factor measurement techniques

First, the ideality factor can be obtained from the slope of the current from the semi-
logarithmic plot of the forward current as a function of voltage, i.e. the In(/)-V plot as by

definition [31]:

1 @ 2.2)
v din(l)

As dIn(I)=(1/I)dI,



1 dr, I dv,
—_— T — . = (2.3)
V, din(I)y V, dI

we can see that this method of fitting the slope is equivalent to the method using the first
derivative as will be shown.

Equation (2.1) is oversimplified for real diodes. For example, there can be more than one
recombination/shunt current pathway for a single diode so that the lumped circuit model for
the diode will be complicated, and elaborated techniques are required to extract the multiple
ideality factors. Nevertheless, a linear or nonlinear series/shunt resistance has to be
considered even without taking into account of multiple current paths and ideality factors.
Due to the multiple/non-constant ideality factors and shunt/series resistance of a device, the
linear portion in the In(/)-V plot is reduced or it may no longer exist.

We consider the most typical diode model consisting of a “junction” in series with a linear
series resistor as in Figure 2.1. The “junction voltage” V; needs to be calculated using the

series resistance from the equation

V=V, ~IRq (2.4)

ext

where Rj is the equivalent series resistance of the device, V.., is the voltage applied or
measured from device terminals. It is worth mentioning that the concept of “junction
voltage” V; is actually vague, and the resistances can be nonlinear due to various mechanisms.

These additional complexities will be addressed in the subsequent chapters.

10



Figure 2.1: Simplified model for a diode: an ideal junction with a series resistance.

With equation (2.4), (2.1) becomes

V.,—1-R
J= JS .|:exp(mm.—l/sj_lj| (25)
T

In order to apply (2.2) to obtain the ideality factor by finding the slope in current-voltage

semi-logarithmic drawing, the condition

m-V, <V,

ext

<1 Ry (2.6)

needs to be met. The existence of Rg reduces the available linear interval in the In(/)-V plot

and raises the difficulties in extracting the ideality factor. To overcome this problem, various

techniques were developed and they can be divided in to several main categories:

= Direct fitting with numerical optimization [32-35].

= Construct Norde [36] and Norde-like [37-40] special function and find the
minimum/maximum in the curves.

= Use the integral [41-50] or the derivatives [4-8] of the /-}" measurements.

11



Among the above methods, the ones using the differential resistance/conductance are one
of the most reliable and cost-effective methods. In the following derivations, a device with an
equivalent circuit as shown in Figure 2.1 is used as an example to illustrate how the ideality
factor can be extract with the first and the second current derivative of voltages.

The first and second current derivatives of the junction voltage can be calculated from (2.1)

when V, > m-V, as

av, 1
d’v, 1
d[2 =—m-VT F (28)

Therefore the ideality factor can be calculated with either the first derivative or the second

derivative as

1 av.
m=_- I d]J (2.9)
T
or
av.
m:Vi-[—IZ-dT;J (2.10)
T

The series resistance can be taken into account as in (2.4). Differentiate the equation and

with (2.7), (2.8),

v, 1
et —RoAm-V, — 2.11
B T (2.11)

12



Vo (2.12)

Then

1-%:1-Rs+m.VT (2.13)

av,,
I’ -dTgxz—m.VT (2.14)

With the first derivative measurement, the ideality factor of a diode with linear series

. . . dv,
resistance can be obtained from the intercept of the / d—Im versus / curve at /=0 as from

(2.13);

m=Vi(1-%—1-st (2.15)
T

With the second derivative measurement, (2.14) indicates that the ideality factor can be
directly plotted without the effects from series resistance as

2
m:Vi-{—lz-%j (2.16)
T

As the derivatives can be measured directly through analog measurements instead of
through differentiating the /-7 measurement data, the derivative measurements offer a

potentially more direct and accurate way to obtain the ideality factors. Note that the / Cj{—?

13



2 2

d . . dv
and I*- d plots are in general more convenient to use than the >l and

7 themselves

12
as they provide excellent presentations for parameter extraction (relate more directly to
ideality factors), and their ranges of data are much smaller than the derivatives themselves so
that some important features in the plots can be more easily seen.

The above measurement of ideality factors with electrical derivatives was first proposed by
Paoli [2] and Dixon [3, 4]. Werner [5] later proposed three different plots to extract ideality
factor and series resistance from differential resistance and conductance.

Table 2.1: Werner’s methods of extracting ideality factor and series resistance with differential
resistance/conductance.

Equation Plot Parameter extraction method
A 1 dl 1 dl 1 dl g dI y-axis intercept: 1/m-V,
ra = 1= 'Rs T T ..
I14dv,, mV, av,, I adv,, av,, x-axis intercept: 1/ R
slope: R, /m-V,
B dav,, _mV; iR, AV, ys. 1 y-axis intercept: R,
dl 1 dl 1 Slope: I’Vl'VT
x-axis intercept: R, /m-V,
c 1.%3& =I-Rs+m-V, I LZ;W vs. [ y-axis ntercept: m-;
slope: R,
x-axis intercept: —m-V, / R

14



2.3 The Local Ideality Factor and the Electrical Derivatives

The above derivations are based on the assumption that the ideality factor m is a constant
independent of injection current levels within the region of interest. However, the ideality
factor can no longer be fitted as a constant in various cases such as:
= The current-voltage relationships are inherently not exponential. For example, the
inclusion of image-force barrier lowering or the distribution of interface states in
Schottky diodes. Non-exponential dependence also exists in a diode in high injection
levels where carrier degeneracy is significant, or if certain conduction mechanism
such as tunneling takes place in a device.
* During the transition between different dominant recombination mechanisms, the
ideality factor is expected to change from one value to another for devices with

multiple current paths.

We define a “local” ideality factor m(/) for those situations where the ideality factor is not a
constant so that it fits into the diode equation as

V.
I:]S'CXP(W] (217)

Despite the fact that the “constant” becomes dependent on the injection current level, we
keep the term “ideality factor”. The variable ideality factor indeed ruins the beauty of
simplicity in the original motivation of defining this parameter, it however relates to the inner

working of a diode and helps us understand the physical processes in the diode.

15



When the ideality factor is not a constant, the previous extraction techniques may not be
valid in extracting the current dependent m (/). When the ideality factor is a constant, from

(2.9) the first derivative results,

—L=m, (2.18)

However, if the dm/dI term is no longer zero, differentiating (2.17) results in

1 Vv, 1
dl = AV, +1-—| —— |-dm (2.19)
m-V, V. m
dv.
iy, Ly Lodm (2.20)
dl I 7 m dl
Then
dm

(2.21)

J

which is different from the value from (2.18). If we directly calculate m from the /-

curve, we actually get a slightly different value instead of getting the real local ideality factor

m. We define this generalized ideality factor as the “first derivative ideality factor” m, as

v
m=msd. LM (2.22)
V., m dI

Following a similar procedure, for the second derivative,

16



(2.24)

dv. 2 2
=m-V, - ].VT+]2._-/.i .d_m+[2.V.L2. d_m _[2.V.i. d’:l
dl - m) dl Tom® \ dl T om o\ dl

2

A “second derivative ideality factor” m, can be obtained from the /- T plot as
2 4y, 2 2 2 2
m, =m-— LA 1 .d_m+I__Vj Lz(d_mj _I_V] A[d T (2.25)
V. dl m) dl V., ° m~ \[dl V. m \ dI

Note that both m, and m, are different from the actual m(/) unless m is independent of
current level. It is possible to calculate m from m, and m,, with (2.22) and (2.25) if

d’m/dI* can be neglected.
To summarize, when the ideality factor is dependent on current level, the values extracted
from the derivative measurements are close to but not equal to the local ideality factor m(/).

A first and a second derivative ideality factor m, and m, are defined through the first and the

. I dv I’ dv
second order derivative measurements as —-—— and —- 5
v, dl V., dl

respectively. With this

definition, m, and m, will be equal to the same constant m when dm/dI is zero (i.e. the

ideality factors is current independent). In this thesis, unless mentioned otherwise, the word

“ideality factor” will refer to “first derivative ideality factor (m, )”.

17



2.4 ldeality Factors with Power-Law Recombination Current

As mentioned before, one of the most important reasons to find the ideality factor of a diode
is to identify the corresponding recombination pathway, including the mechanism and the
place where it happens. It will be shown in this section that the derivative ideality factors are
useful in investigating the power-law dependency currents with / oc n* in a diode, where « is
the power factor and # is the excess carrier concentration. A single current pathway is

assumed for the derivation in this section.

2.4.1 The current derivatives of junction voltage

The first derivative of the junction voltage with respect to current without assuming

exponential dependency in the /-V; can be written as

av, dV, dn
dl  dn dI

(2.26)

The second derivative is far more complicated as will be shown in (2.27).

18



d’v, d(dv,

dr*  di\ di

ala [

dn\ dr ) \dl

i dV dn (dnj

dn\ dn a1 )\ dr

(d.dV,) dn v, (id_J (d_)
| dn dn d] dn \dn dl dl
_”sz dn d
| dn® dl a’n
_szf.(@T v, (d) il
dn* \dI dn \ dI dn?

However, it is still possible to separate the expressions into components related to the two

(2.27)

parts:
dv. av,
1. The — an !
dn dn
quasi-Fermi levels (Boltzmann or Fermi-Dirac statistics may apply; use 3-D or 2-D
density of states for bulk or quantum-well active region).
dn d’l
2. The — and o terms relate to the recombination mechanism.
n

Therefore, the current derivatives of the junction voltage can be traced to the multiplication

of the Vj-n and the I-n relations. They will be discussed in more details below.
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2.4.2 The Vj-n relation in a homogeneous intrinsic quasi-neutral bulk active region

d’v,
2

The

= and d—’ terms in (2.26) and (2.27) indicate how fast the carrier concentration can
n n

be increased by increasing the quasi-Fermi level splitting. We assume that most of the
recombination happens in a homogeneous, neutral and intrinsic active region. For bulk
semiconductor with simple parabolic band structure, they are related through Fermi-Dirac

integral as

V.
n=N.F |--<
C 1/2[ VTJ
Vv
pzNV-Sf'm(— fj (2.28)
VT
Vj:(EFn_EFp)/q:(Eg/Q)_ch_va

where F . is the Fermi integral of order 1/2 defined as

1/2

1/2
e

7w X
JI/Z(é/)_\/;J‘O 1+exp(x—§)dx

(2.29)

where Vr=kp-T/q is the “thermal voltage” with T being the lattice temperature and kz being

the Boltzmann’s constant. The energy levels are shown in Figure 2.2. Epy is the carrier Fermi
energy at thermal equilibrium. E, is the bandgap of active material. N¢, Ny are the conduction
band and the valence band effective density of states. Er, and EF, are electron and hole quasi-

Fermi level respectively. V.ris the difference between the conduction band edge and the

20



electron quasi-Fermi level, V; is the difference between the hole quasi-Fermi level and the

valance band edge.

—a— Ec
VL_‘/‘:EC'EFn
EFn __________x__
V/n EFn'EFO
Epy ----=-mmmmmmmmmemaa-3oon. VFEprEpR,
E, =Vint Vip
Vie=Ero-Erp
EFp _._4_._._._._._._._}{._ -
VimEry-Ey
v EV A 4

Figure 2.2: Nomenclatures for the energy levels in the active layer material.

In general, the V;-n is expected to be complicated in a real device. However, if the material
is intrinsic, charge neutrality is valid and the region of interest is homogeneous, some greatly
simplified results can be found. For heterostructure LEDs and LDs under moderate biased
levels, these assumptions might be valid. The simplification is shown as follows.

When these conditions are met, the Fermi-Dirac distribution can be approximated by

Maxwell-Boltzmann distribution as

21



Multiplying n and p results in

V,+V, V.—E
n*=N.-N,-exp| ——L—L|=N_.-N, -exp| L—=
VT VT

then the carrier concentration can be expressed in terms of junction voltage as

V;
n=n,-exp 7
T

with

E,
ny=N.-N,-exp Sy
T

Therefore, in this simplest case

v, v,
dn n

(2.30)

2.31)

(2.32)

(2.33)

(2.34)

Note that at a very low bias level, the band-bending in a device active region may be strong

so that charge neutrality will not be met.

When the Boltzmann distribution is no longer valid, carrier densities have to be calculated

numerically with the Fermi-Dirac integral as:
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n’ =N¢-N, {“; 1/2 (_ < j}|}; 1/2 [_ va ]} (2.35)
Vr Vr

with

J

V,=(E,—E,) q=(E,/q)-V, -V, (2.36)

Obviously the result will approach (2.32) when both the electron quasi-Fermi level and the
hole quasi-Fermi level are far away from the corresponding band edge. In this case, the
splitting of the quasi-Fermi levels is symmetric, i.e. the difference in N¢, Ny cannot be “felt”
by carriers so that the total V; will be divided into equal halves for electrons and holes,
resulting in a factor of 2 in (2.34).

The above derivation is for intrinsic material. For moderately doped material, there will be
“majority carriers” and “minority carriers”. Following the same procedure, it can be found
that this factor will be 1.0.

When V; is approaching E,, due to the different effective density of states, the splitting is
expected to be asymmetric and should be affected by

1. The N¢/Ny ratio, i.e. the curvature difference in the parabolic E-k diagram between
the conduction and valence bands. The corresponding quasi-Fermi level is expected
to move faster with a smaller density of states in order to achieve the same carrier
concentration to maintain charge neutrality.

2. The distribution function, or how close to the band edges the quasi-Fermi levels are.

This is reflected in the (V- E,/q) value.
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Compared with (2.34), we define a band-filling factor &, associated with the first derivative

so that

dv.
i Vg (2.37)
dn n
av, av,
R Ly A (2.38)
dn V., d(lnan) V,

&1=1 means the carrier density will double if quasi-Fermi level splitting is increased by an

amount equal to thermal voltage. Similarly, a &, associated with the second derivative is

defined as

PR (2.39)
dnd v, '

It will be shown later that &, is directly related to ideality factor while &, is not. Note that the

total quasi-Fermi level splitting V; can be divided into n- part and p- part with
Vi=Vu+Vs (2.40)

as shown in Figure 2.2. The & values can also be divided into the two parts. For example,

§(n) — den .L: “;1/2(ch /VT) 2.41)
Yod(nn) V. F,0, 1)

f(p) — dV./p L _ ¥ 1/2(va/VT) @ 42)
Y dnp) Vo F.,0,0;)
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where & ,,,, is the Fermi integral of order i%. Due to the difference between the

+1/

conduction band and the valance band density of states, V.rand Vj are different with the
same J; except at low bias level, and therefore the corresponding band-filling factors are
different.

If the material is known, the N¢/Ny ratio is known, then & can be described solely as a
function of (V;- E,/q). We define a “voltage number” ny indicating how many multiples of
the thermal voltage the quasi-Fermi level splitting is above the bandgap by normalizing the
junction voltage to thermal voltage as:

_ Vj—Eg/q

7 (2.43)

ny

Numerical examples of the band-filling factor & as function of ny are shown in the Figure
2.3. Parameters for the calculation are listed in Table 2.2. &, and &, are identical at low bias
level (ny <-10). At high bias level, &; and &, both increase with junction voltage while they
are different between each other. In Figure 2.4, the electron and the hole contributions to the
band-filling factors &, are plotted as function of normalized junction quasi-Fermi level
splitting. It can be seen that due to the large density of states, the hole quasi-Fermi level
barely moves even at high bias level, resulting in only a small variation for the entire bias

region. In other words, the band-filling factors are mainly from the contribution of electrons.
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Table 2.2: Parameters for the calculations used in the example.

Parameter Symbol Value/Unit
Bandgap E, 1.42 eV
Electron effective mass m’, 0.067m,

Hole effective mass m’ 0.48 m,
Conduction band effective density of states N¢ 4.42x10"7 cm™
Valance band effective density of states Ny 8.47x10" cm™
Acceptor concentration Ny 0

Donor concentration Np 0
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Carrier concentration (cm ")
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al
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n=( Vj—Eg/ NV,

Figure 2.3: Numerical values of band-filling factors &; and &, as function of normalized junction quasi-Fermi
level splitting. Corresponding carrier concentration is indicated on the top axis.

. . -3
Carrier concentration (cm ™)
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®
]
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1
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|

64 —— §l=(dl/j, [ dn)((V,/ n)
5] —— gj’”=(de / dn)/(V,,/ n)
4 ——&'=a@v, /dp)(V,/p)

Band Filling Factors € , &

-20 -15 -10 -5 0 5 10
n= Vj-Eg/q)/ v,

Figure 2.4: The electron and the hole contribution to the band-filling factors &; as function of normalized
junction quasi-Fermi level splitting. Corresponding carrier concentration is indicated on the top axis.
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In conclusion, the defined band-filling factors &; and &;:

= Arise from the carrier distribution function. They are constant and equal when the
junction is biased at a low voltage level.

= Deviation from the low biased level constant values (§; ,>£¢=2) and from each other
(&1#Ey) are negligible until the number ny > -10, i.e. the quasi-Fermi level splitting is
close to bandgap.

= £ is mainly a function of the N¢/Ny ratio (determined by material) and the ny number
(determined by bias level). With a given material, both &; and &, reflect the difference
between the Boltzmann distribution and the Fermi-Dirac distribution.

= £ can be divided into the contribution from electrons and the contribution from holes.
Due to the large different density of states between the two kinds of carries, normally the

contribution from electrons is much higher than that from holes.

2.4.3 ldeality factors with power-law recombination currents in a neutral region

2
The dn and % terms in the derivatives (2.26) and (2.27) tell us how the currents are
n

related to carrier concentrations. Unlike drift or tunneling processes, if the current is from
recombination, i.e. the annihilation of electrons and holes accompanied by the generation of
heat or light, very often there are explicit relationships between the recombination currents

and the carrier densities such as the power-law dependency:

I ocn® (2.44)
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where « is the power factor determined by the recombination mechanism.

With the power-law /-n relationship, the first derivative can be expressed with

dn_n 1 (2.45)
dl I «
and the second derivatives can be written in forms such as
a1 1
7:?.K.(,{_l) (2.46)

Therefore, for recombination currents with power-law carrier density dependencies, there are
simple analytical expressions for the derivatives.

The first and the second derivative ideality factors are previously defined as

1 av,
m =—:
vV, dl
[Py (2.47)
m2=—_. 2j
vV, dl

With the derivatives from the Vj-n and I-n relationship, for recombination currents with

I o« n* | the junction differential resistance will be
av, (dV,) (dn
dl -\ dn ) \dl

:(&'éj'(ﬁ'lj (2.48)
n I k

e

l K

Therefore the associated first derivative ideality factor is
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mo=—-—2L=21 (2.49)

The second derivative from (2.27) becomes

dv, dv, (dn]z v, (dnf d’l
ar*  dn* \ dI dn \ar ) \ an®

d’V Podv, ’
7. n1)y_ 4 (n lj £_2 P (K—l))
dn I « dn \I x
dV Podv
2].{2.1} 9, %.%.(K_l)j
Vr n 1Y Vr (n 1 J
( nz fzj (1 Kj n flj [2 K2 ( )
v, v,
)R
v,
__(I_gj. %+ 512 (K—l):|
The second derivative ideality factor can be simplified as
rav,_& &
PV, drr KK (=D @1)
At low biased level, §=,=y=2, the ideality factors can be reduced to:
b2
koK (2.52)

2 2 2
m, =%+%'(l{—l)=y+?'(’f_l)=;
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. Dy 2
It can be seen that m, and m, are the same so that a single constant ideality factor m = —
K

can be used for this situation.
When the bias level is close to the voltage corresponding to bandgap energy, both ideality
factors are dependent on &, 1.e. they change with injection level following the &-ny trends as

previously discussed.

2.4.4 Summary of the derivative ideality factors

The derived relationship between the ideality factors and the electrical derivatives with the

power-law dependency currents are summarized in Table 2.2. It can be seen that

= Each of the power law dependency currents obeys the ideal diode equation and it is
possible to fit a constant ideality factor under the low junction voltage condition. The first
and the second derivative ideality factors are the same for this condition.

= Jdeality factors will increase from the low bias level constant values and will be different

between m, and m, due to the difference in the band filling factor &; and &, when the

number ny > -10, i.e. the quasi-Fermi level splitting is close to or higher than bandgap.
Under this high injection condition, the derivative ideality factors with power law

currents are functions of bias level as well as the effective density of states of each band.
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Table 2.2: Summary of the first and the second electrical derivatives parameters with power-law recombination

currents.

First derivative

Second derivative

&i=2 for qVi<E,

&=2 for ¢ VJ <E,

General V-1 v, dv, dn d’v, =d2V_/. (@jz_dV (dnj d_2]
dl dn dl dI*  dn* \dI dn \ dI dn’

Vi-n with charge d V VT a’zV

neutrality dn 3 dn? 682

n-I with [ oc n*

dI I

with charge
neutrality and

[ cn®

m, =
V dI K

2
m, =— forq- V< E,
K

dn_n 1 .
V;-I with charge av, v, ¢ dv. E &

. —_T J — _Tr 22 4 _1 1
neutrality and a1 x a7 [ Izj { (k= )}
I cn®
Ideality factor m 1 d 4 51 72 d? v, & 51

m, =— K—1
2Vd]2 18 (=)

2
m, =— for q'V;< E,
K
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2.5 ldeality Factors with the ABC Recombinations Coefficients

The recombination currents in the active region of a device usually come from multiple

mechanisms. For opto-electronic devices, very often they are described as
IcAn+B-n*+C-n’ (2.53)

where the constant A refers to the monomolecular recombination coefficient, B is the

bimolecular recombination coefficient and C is the Auger recombination coefficient.

Y vV Vv
b Vo |l

Figure 2.5: Equivalent circuit diagram for the active layer with the ABC recombination current paths.

The ideality factor associated with each of the components can be obtained from the

previous derivation. At low bias level, each of them is m = — with « being the power factor.
K

Therefore the corresponding ideality factors for the individual 4, B, C components are 2, 1,
and 0.67 respectively.
However, in a device the three components are not isolated from each other. The equivalent

circuit model is shown in Figure 2.5. Note that the three diodes share the same carrier
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concentration and quasi-Fermi levels. The values of 4, B and C correspond to the different
“base strength” /5 of each diode branch, so that a diode can actually be “turned on” only
when the carrier concentration reaches a certain level. It can be imagined that the variation of
ideality factors as a function of bias voltage level will be dependent on the ratios of the ABC
values. With some typical 4ABC values for GaAs material and the parameters as in Table 2.1,

the first derivative ideality factor m, as a function of the quasi-Fermi level splitting is shown
in Figure 2.6. The differences between m, and m, are shown in Figure 2.7. In Figure 2.8, the

first derivative ideality factor m; and its n- and p- components are plotted as a function of
normalized junction voltage. It can be seen that the rapid increase of ideality factor at very

high bias level is mainly a contribution from the conduction band band-filling.
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Figure 2.6: The first derivative ideality factors m, as function of junction voltage with the 4BC model. The

ideality factor has a “dip” due to the transition of dominant recombination mechanism when the bias voltage is
close to bandgap.
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Figure 2.7: The first and the second derivative ideality factors as function of junction voltage with the ABC
model. The ratio between the two derivative ideality factors is plotted as a dashed line.
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Figure 2.8: The first derivative ideality factor m; and its n- and p- components as a function of normalized

junction voltage.
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Figure 2.9: The first derivative ideality factor m; with different monomolecular recombination coefficients as a
function of normalized junction voltage.
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Figure 2.10: The first derivative ideality factor m; with different doping concentrations as a function of
normalized junction voltage.
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In Figure 2.9, the first derivative ideality factors m; with different monomolecular
recombination coefficients are plotted as a function of normalized junction voltage. It can be
seen that the transition region where a “dip” appears can disappear due to a large
nonradiative recombination current. In Figure 2.10, the first derivative ideality factors m;
with different doping concentrations as a function of normalized junction voltage are shown.
When the intrinsic assumption is relaxed, the ideality factor at low bias level no longer stays
at 2.0 and it is affected by the doping concentration. Due to the large hole density of states,
when the active region is heavily p-doped, hole quasi-Fermi level barely moves so that the
total ideality factor is close to 1.0.
To conclude, the ideality factors of a homogeneous intrinsic quasi-neutral active region:
= They are a constant at very low current level, which is same as the ones with a single
recombination path. They also change with bias (junction voltage) level when the quasi-
Fermi level splitting is close to bandgap energy.

=  With multiple recombination paths in the same active region, the ideally factors are
different from the individual ones. New features such as “dips” or “kinks” may appear.

= At low internal junction voltage, if the monomolecular recombination (typically defect-
related) is dominant, only the “247 current” can be seen.

= The Auger recombination will dominate the /-V characteristics at extremely high bias
level. It is normally overshadowed by other recombinations unless in situations with very
high carrier concentration and small bandgap.

= For a good LED or LD where bimolecular recombination is desired to be dominant at

normal injection levels, a “dip” or a kink in the ideality factor vs. junction voltage curve
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is expected, as it is changing from nonradiative recombination with ideality factor of 2.0
to radiative recombination with ideality factor of 1.0. This kink is similar to those from
laser threshold but the size should be much smaller. Nonetheless the kink will appear at a
much smaller current value than the laser threshold.

When the monomolecular recombination coefficient is large due to defects in the active
region, the “dip” in the ideality factors may be reduced or even disappear.

Most of the transitions in ideality factors happen when the quasi-Fermi level splitting is
around the bandgap value.

For given material, if the ABC coefficients (actually their ratio) are known, the ideality

factors m,, m, and their ratio are basically determined by ny or (¢V; - E,).

When the intrinsic assumption is relaxed, the ideality factors from recombination in the
active region at very low bias level will deviate from 2.0. As the ideality factor reflects
the internal quasi-Fermi level movement, due to the different density of states of
conduction band and valance band, the n- doping will normally increase the ideality

factor while the p- type will decrease.
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2.6 Measurements and Parameter Extraction

2.6.1 The first derivative ideality factor of light emitting diodes

The first derivative ideality factors of some commercial light-emitting diodes were tested.
Their L/I/V characteristics, the differential resistances (and therefore the first derivative
ideality factors) and the dL/dV were measured. The details on the measurement system are
described elsewhere [15, 16, 17]. The ideality factors and the dL/dV of LEDs with different
materials are plotted in Figure 2.11 to Figure 2.14. These LEDs are made by Avago

Technologies and the materials include AlGaAs, AllnGaP and InGaN.
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Figure 2.11: The measured first derivative ideality factor m; and dL/dV as a function of device current using a
semi-logarithmic scale. The device is HLMP-K101 AlGaAs double heterostructure light emitting diode.
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Figure 2.12: The measured first derivative ideality factor m; and dL/dV as a function of device current using a
semi-logarithmic scale. The devices are EGO8-WZ000 and EG08-Y2000 AllnGaP light emitting diodes.
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Figure 2.13: The measured first derivative ideality factor m; and dL/dV as a function of device current using a

semi-logarithmic scale. The devices are EH16-UX000 and EL16-VY000 AllnGaP II light emitting diodes.
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Figure 2.14: The measured first derivative ideality factor m; and dL/dV as a function of device current using a

semi-logarithmic scale. The devices are HLMP-CB15-R0000 and HLMP-CB30-M0000 InGaN blue light

emitting diodes.

From Figure 2.11 to Figure 2.14, it can be seen in these LED derivative measurement data:

e The increase of spontaneous light output is accompanied by a change (normally a

reduction or a “dip”) in the ideality factor.

e At low current level right before light emission is significant, the ideality factors of most

LEDs are close to 2.0.

increase rapidly with current.

At high current levels, all the ideality factors without extracting the series resistance

The AlGaAs double heterostructure LED (HLMP-K101) agrees best with the simple ABC

model (ideality factor starts with almost 2.0 at low current, followed by a “dip”” where

light emission begins, and then increases with current.)
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2.6.2 The first derivative ideality factor of laser diodes
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Figure 2.15: The calculated first derivative ideality factor m; as a function of device current using a semi-
logarithmic scale. The device is a 654nm 10mW GHO06510B laser diode from Sharp. The series resistance in the
calculation is taken from the plateau of differential resistance after lasing threshold.
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Figure 2.16: The calculated first derivative ideality factor m; as a function of device current using a semi-
logarithmic scale. The device is a 650nm SmW D650 laser diode from NVG. The series resistance in the
calculation is taken from the plateau of differential resistance after lasing threshold.

In Figure 2.15 and Figure 2.16, the first derivative ideality factors m; are plotted as a function
of device current in semi-logarithmic scale. The devices are 654nm 10mW GHO06510B laser
diode from Sharp and 650nm SmW D650 from NVG. Unlike the LEDs, the series resistance
of a laser diode can be estimated from plateau of differential resistance after lasing threshold.
Similar to the LEDs, the ideality factors have a “dip” before lasing threshold where the
spontaneous emission (radiative recombination) becomes significant. After threshold, the

ideality factors drop to nearly zero as the internal quasi-Fermi level splitting is expected to
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saturate. Note in Figure 2.15, the giant peak of ideality factor is most likely from the parallel

shunt resistance as it goes to zero when the current is about zero.

2.6.3 Estimation of nonradiative recombination coefficient of a laser diode

With the model derived above, extraction of some device parameters become possible

because:

= The ideality factor is a function of junction voltage, or actually “voltage number” (¢ -
E,)/kpT, which is independent of values such as device areas and absolute current
densities. The curve is determined by the material and the 4ABC coefficients (actually
A:B:C ratio) only.

= The junction voltage can be inferred by V=V..~I'Rs. Details about the validity of this
assumption will be discussed in Chapter 3.

= For a given material, the bimolecular recombination coefficient B and the Auger
recombination coefficient C are widely studied and their values are reportedly well
known numbers. However, the monomolecular coefficient is dependent on many factors
such as defect densities, material aging processes, which will vary from device to device.

Therefore, given a specific material and the B, C coefficients, and measurements of the

derivative ideality factor measurements, it is possible to extract parameters including the 4

coefficient, series resistance Ry and equivalent bandgap E, from only electric measurements.

The nonradiative recombination coefficient of a laser diode is estimated in this example. The

laser diode is a 650nm red laser diode with part number OED-LDP65001E from Lumex. The
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detailed device structure is unknown but it is assumed that B=1x10'" ¢m*/s and C=1x10""
cm®/s The N¢/Ny ratio is unknown but the GaAs value of 19 is used. After measuring the
differential resistance of the diode as a function of injection current, the fitting procedure is

shown step by step in the following figures. The details are described in the figure captions.
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Figure 2.17: Step 1. Plot the I-dV,/dI vs. V,,. The small kink at approximate 1.95V is a known range change
in the experiment apparatus.
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Figure 2.18: Step 2. Using the relation m,=I-(dV,./dI-Rs), adjust R so that m ;=0 after threshold. This approach
assumes that quasi-Fermi level locking results in m;=0.
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Figure 2.20: Step 4. Guess A=1x10 /s and calculate the theoretical m;-n, curve.
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Figure 2.22: Step 6. Adjust E, for maximum curve overlap.

47



The results from fitting are:
»  Monomolecular coefficient 4=3.6x10’ /s, or non-radiative lifetime tyz=27.8ns.
= Series resistance Rs=6.8Q2.
* Equivalent bandgap £,=1.895eV, which is very close to the photon energy #v=1.907¢eV.
= If carrier density is 2x10"® ¢m™ at threshold, the portion of nonradiative current at
threshold consists of about 15% of the total current.
It is worth mentioning that the fitted absolute values are only estimations as the material
and device structure are not known. However, the relative values can be used as indication of
device quality, i.e. for those diodes whose nonradiative recombination coefficients are

smaller, the “dip” will be deeper and vice versa.

2.7 Summary

In this chapter, the relation between the ideality factors and the electrical derivative
measurements are investigated. The ideality factor is usually a constant measured from the
slope in the semi-log scaled current-voltage graph. It can also be more directly measured
from the electrical derivatives with the series resistance being extracted at the same time.
The diode ideality factor is no longer a constant at high injection level. The ideality factors
measured from the electrical derivatives will vary with current, and the curves from different
orders of derivative measurements on the same diode are not identical due to the current

dependent local ideality factor. Non-constant “derivative ideality factor” is introduced and it
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corresponds to the ideality factor calculated from the specific order of derivative
measurement.

It is found that recombination currents that obey the power-law dependency on carrier
densities will have fixed values of ideality factors at low bias conditions. The constant
ideality factors are inversely proportional to the corresponding power factors. At a high
injection level, the ideality factor with a single recombination mechanism will increase with
current due to the significant difference between the Boltzmann and the Fermi-Dirac
distribution function in the band filling.

With multiple recombination mechanisms in the same active region such as with the ABC
model, changes in the derivative ideality factors can be observed when the additional
recombination paths are turned on at high bias level. Examples are given on using the
derivative measurement to extract the monomolecular recombination coefficient of a laser

diode without any optical measurements.
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Chapter 3

Semi-analytical Model for Differential Resistance
and Ideality Factors of Double Heterostructure

LEDs and LDs

3.1 Introduction

The ideal junction model described in Chapter 2 was based on the assumptions that the
device currents are the total recombination currents in the active region (or the “junction”) of
a light-emitting diode (LED) or a laser diode (LD), and the junction voltages refer to the
quasi-Fermi level splitting of the active region. However, actual devices are always designed
with multiple layers of materials in addition to the active layer so that carriers can be
efficiently injected to this active layer and also be well confined in this region. Before

carriers can reach the active layer, they have to go through multiple heterointerfaces and may
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recombine in other layers, resulting in additional current recombination paths and a new
voltage distribution profile. The process of carrier transport from the device terminals to the
active region will inevitably alter the electrical characteristics of the diodes from pure
“junction” properties to some new characteristics and it is therefore natural to investigate the
effect of these processes on the electrical characteristics of the device.

The internal or the external voltages can be defined by the difference between the quasi-
Fermi levels at layer boundaries. The external applied voltage is considered the quasi-Fermi
level difference between the two outer-most layers, while the junction voltage is the quasi-
Fermi level difference between electrons and holes within the active region, given that the
active region is homogeneous. To be able to detect the characteristics of the internal active
region from the device terminals, some conditions have to be met between the above two
quasi-Fermi differences or the voltages. For example, the quasi-Fermi level at the device
terminal could have a constant offset from the corresponding internal quasi-Fermi level, or
the offset is small enough to be negligible. A more realistic and commonly used assumption
is the existence of an equivalent linear series resistance for all layers other than the active
layer. With this assumption, in a lumped circuit model for a diode, the two voltages (quasi-
Fermi level differences) are related to each other through the device series resistance as

4

ext

=1-Rg+V, (3.1)

where V,,, is the terminal voltage, / is the diode current, Ry is the device series resistance
including those from Ohmic contacts and from the resistance of the surrounding layers. V; is

the “junction voltage” being the quasi-Fermi level splitting in the active region.
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For the series resistance Ry to be linear, we expected that drift transport is dominant outside
the active layer and other recombination current paths are negligible. In practice, the series
resistance Rg can be nonlinear from various components in devices such as the DBR mirrors
or some Ohmic contacts. Nonlinearity of the series resistance can also arise from carrier
transport through any heterojunction interface. For example, for a simplified double
heterostructure diode as shown in Figure 3.1 (where the active layer is considered
homogeneous and the band bending is negligible in this layer at high injection levels), the
cladding layers are designed so that most carriers will be blocked from leaving the active
region by the barrier created by the band discontinuity at the heterojunction interface.
However, some carriers can overflow into the cladding layers to create nonlinearity in the
L/I/V characteristics and cause many other negative effects on the device performance.

Complicating the analysis is the possibility that the series resistance of the surrounding
layer is nonlinear because of the interaction between the layers including the active region.
The majority carrier transport over heterointerfaces can also be responsible for nonlinear
current-voltage characteristics even in the absence of minority carrier leakage over the barrier
at the interface or recombination within the cladding layer. At the interface of the
heterojunction, if the thermionic emission process is important for current injection, the
cladding layer and the active region can interact with each other through the forward and
backward fluxes of carriers across the boundary. Nevertheless, as in Figure 3.1, there could
be depletion layers in both cladding layers next to the active region. Majority carriers may
have to overcome a barrier created by the depletion region band-bending before reaching the

active layer [51].
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The focus of this chapter is the nonlinear series resistance resulting from the majority
carrier injection across heterojunction interface. The effects from the minority carrier
overflow will be discussed in the next chapter. A semi-analytical model is developed for a
double heterostructure device as in Figure 3.1. The device is obviously over-simplified but it
is helpful to understand important factors that are related to the nonlinearity of the resistance
from carrier transport over heterojunction interfaces.

The remainder of this chapter is organized as follows. The assumptions for the model are
presented in Section 3.2, and the current-voltage relationship is derived with the “thermionic
emission-diffusion” and the “thermionic emission” approaches in Section 3.3. The results
with this current-voltage relationship are discussed in Section 3.4. The interactions between
the cladding layer and the active region of double heterostructure devices are found to be
significant with this model. The mechanism of the interaction and the effects on the
differential resistances and ideality factors of the simple double heterostructure diode are
demonstrated. The discussion is further extended to laser diodes with junction quasi-Fermi
level saturation at laser threshold in Section 3.5. Finally summary and concluding remarks

are presented in Section 3.6.
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Figure 3.1: Band diagram of a simple double heterostructure diode under high injection condition. The
justification of this model is presented in Section 3.2.

3.2 Assumptions for the Model

The model assumes that the transport within the bulk cladding layer is governed by the
classical drift-diffusion mechanism while the transport across the abrupt heterojunction with
different effective masses is limited by the thermionic emission process. The current-voltage
equation is derived by equating the drift-diffusion current to the thermionic emission current
at the heterojunction boundary. There are some important assumptions for this model
including:

e Band diagram in the homogeneous active region is flat under high injection conditions.

Justifications: when the active region quasi-Fermi level splitting is close to the band-gap
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energy, or when lasing thresholds are reached for laser diodes, the active layer band-
bending is negligible and the quasi-Fermi level is flat across the entire active region.
All electrons and holes will recombine in the active layer and the injection efficiency is
100%. Justification: for well designed and processed devices using a well behaved
material system, neither the over-barrier leakage current nor the parallel leakage current
is significant in the device so that they are neglected in this model. All the nonlinearity
comes from majority carrier transport from the cladding layer to the active layer in this
simplified model.

Classical drift-diffusion transport applies within the bulk cladding layer while
recombination is neglected in this region. Justification: the cladding layer thickness is
normally much longer than the mean free path of carriers so that the microscopic effects
such as quantum mechanical scattering can be included in the macroscopic material
parameters.

The (full) depletion approximation for the cladding layer applies. The band-bending is in
the direction which creates carrier depletion, and the bending profile is quadratic. The

space charge layer or the depletion region width W is related to the amplitude of band-

bending Viending as W, = \/ 2:6V,pnang ' 4 N, » where q is the electron charge, N, is the

impurity dopant (acceptor or donor) concentration, ¢ is the permittivity of the cladding
layer. The cladding layer thickness is assumed always longer than the thickness of

depletion layer so that no effects from contacts need to be considered.
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For carrier transport over the abrupt heterojunction interface, Wu and Yang’s derivation
[52-56, 59-68] is considered as a good approximation. Although the Maxwellian
distribution was assumed in their formulation, which may not be valid for high injection
levels where carriers are degenerate, this formulation offers tremendous simplification in
the analytical derivation and it is adapted in our model. With the heterojunction as shown

in the figure below, the electron quasi-Fermi level Eg, is neither continuous nor flat
across the heterointerface and there is a discontinuity SE{ at the heterojunction

boundary. The current density across the interface is described as

m —AE™
Jn:q.{nl'vnl_HZ.UnZ.( :ll'exp( VC )]’ (32)

ng T

where n; is the electron concentration on the n-cladding layer edge of the boundary, n; is
the active region electron concentration. Vr=kp T/q is the thermal voltage with 7 being

the lattice temperature and k5 being the Boltzmann’s constant. m, 1.2 are the electron
effective masses in the cladding layer and the active layer respectively. AE."” is the

conduction band discontinuity at the n-cladding/active layer interface. v,; > are electron

thermal velocities in each material defined as v, , = \/2 kT /N(7x- mzl’z) . The first term

in equation (3.2) corresponds to the forward injection flux from the cladding layer to the
active region, and the second term corresponds to the backward flux with reverse

direction.

56



region #1 region #2

n-cladding active region
J=Jy Electron flux
Cj 7 . _—

-3 -3
l V(n) / Vy’z
—bending__ ) 2
________________________ - AE; E i
T () Tl - Reference

claddin, >l
“ SEN—Pm oo En T —*—— J=0 for the
n .
integral.

Figure 3.2: Electron (majority carrier) injection from the n-cladding layer to the active layer with the
thermionic-diffusion model.

3.3 Derivation of the Current-Voltage Equations

The electron current across a cladding/active layer heterojunction interface will be derived
based on the structure and nomenclatures illustrated in Figure 3.2. The derivation procedure
of the current intensity formulation is similar to that for Schottky diodes found in textbooks
[31] while the conclusions are unique for double heterostructure diodes.

Using this approach, once the current density J, is known, the amount of cladding layer

band-bending V" . » the difference between the quasi-Fermi levels in cladding layer and in

the active layer V") ding » and the quasi-Fermi level discontinuity at the heterointerface SE

can be obtained with this model. In this section, the equations are first derived with the
“thermionic emission-diffusion” model considering both the thermionic emission process

across the interface and the drift-diffusion conduction in the cladding layer. Since the
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interaction between the two adjacent layers actually happens through the thermionic emission
process across the heterojunction interface, a derivation which is entirely based on the

“thermionic emission” model is also presented.

3.3.1 The “thermionic emission-diffusion” model

This derivation is based on Crowell and Sze’s “thermionic emission-diffusion” formulation
for Schottky diodes [57, 58]. In the cladding layer, the carrier transport can be described by
the conventional drift-diffusion current equation as

Jn=q-ﬂ,,-n-dVC+q'Dn'@, (3.3)
dx dx

where V(x) is the conduction band profile, u, is the electron mobility and D, is the electron
diffusion coefficient. Using the depletion approximation and £, in the active region as the
reference level (F=0) as in shown Figure 3.2, the conduction band bending profile can be

described as
_ ) qg-N, >
Ve(x)=(,, +AE /q)+—28 (X" =2-W,-x). (3.4)

Note this is only for bending with carrier depletion. If the band banding direction is flipped
so that accumulation instead of depletion is created, the profile is no longer valid as it is not
quadratic.

In the active region, at given injection current density J,, the difference between the
conduction band edge and the electron quasi-Fermi level V., can be calculated from the band

structure and recombination kinetics. The V., is normally negative (the quasi-Fermi level is
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above the conduction band edge) at high injection conditions such as at lasing threshold
because the conduction band effective density of states is smaller than the electron
concentration at the corresponding bias level.

With D,, =Uy Vr,

1
J=qD —n-Leigp . P_y.
n =45 v, dx 1 " dx 1

n
Vy dx dx

dv, dn Dﬂ[l .dVC+@j. (3.5)

Note it is assumed that the cladding layer is non-degenerated. The more general expressions

for the diffusion coefficient and the mobility is

.
Dn :VT .‘:1/2(4/) :l‘ dEFn (36)
H, F.,(¢) g d(nn)
1 E. —E.
where & ,,,, is the Fermi integral of order +5 and & ——V.
q
Multiply exp(VCT(x)) on both sides,
T
Ve(x) 1 Vo(x), dV, Vo(x), dn(x)
J exp(—--"H)=¢g-D | —-ex x)+e , (3.7
np(VT)qn[VT p(VT)d n(x) (VT)dx (3.7)
Vo(x) d Vo (x)
J,exp(-———=)=¢q-D, - e 3.8
2+ eXp( v, )=4q dx(n(x) xp(——— v, ) |- (3.8)

Assume J, is constant across the depletion region (given the depletion region is small and the

recombination there is neglegible), and integrate over the depletion layer width W,

s, [ exple) Oy —g-p, {n(xyexp(VCT(’”)} (3.9)

The left-hand-side (LHS) integral is
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oV +AE<C">/q)+q'2M’-(x2—2-Wd-x)

f exp(VCT(x))dxz [ exp( i - Mx.  (3.10)

When the contribution of the band-bending to the current mainly occurs at the height of the
barrier where the electric field reaches maximum, the x” term is negligible in the above

equation [58], the integral can be reduced to

quW X
d

exp(%)dx . (3.11)

v +AEg>/q)f].d

of2
exp(
VT

0

Then

V., +AED g Y 2.7,
LHS =J, (LE& -exp(—‘fz—cq)J . 1_exp(w . (3.12)
VT VT VT

iy . >V, is satisfied, it is further simplified to

V. +AE™ /g )
LHS ~ J, .LL.EW .exp(—"“—cq)] (3.13)

VT max VT

where E) = \/2 -q-N, -V, e canbe obtained from the depletion approximation.

The right-hand-side of the integrated drift-diffusion equation is

Wy

¢-D, {n(x) - exp(VCT("%}

T

0 (3.14)
Ve, V(0
Y ) — 1y -exp( 7 )}

T T

=q'Dn'{n(Wd)-eXp(

or
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y V., +AE™/
RHS =q-D, | N, -exp( cladding )—n, ~exp(—‘f 2 c '4
VT VT

)1, (3.15)

where N¢; is effective density of states of conduction band in the n-cladding layer. n; is
unknown and will be solved by equating the drift-diffusion current to the thermionic
emission current at the heterojunction interface.

Given that the thermionic emission current density across the heterojunction interface is

. —AE" /|
Jn = q .(nl 'Unl _nZ .Un2 (m_:zl]exp(#)} s (316)
m,, Ve
then
(m
RHS=q-D,-N,, -exp(—d;jdmg)
T * " VL AE® (3.17)
—q-D, ( n _l_nz(ﬁj(_:lJ exp(_ c q)] (2 c 4
q Unl Unl n2 T VT
or
(n) .
RHS =q-D, | N, -exp(—"2)
T
_ . .
—¢-D, - nz-(ﬁj(m—fl]-exp( sz)} (3.18)
L U, m,, Vr
- V. +AE®/
—-q-D,- L -exp(— . q)
_Q'U,,l VT

With n,=N¢; -exp(-Vep/Vr), where N¢»1s the conduction band effective density of states in

the active layer, V. 1s the difference between the conduction band edge and the electron

quasi-Fermi level in the active region, the second term can be simplified as
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* V *
nzﬁ-(”’—;ﬂ]-exp( ‘”)=ch’[”"2j-[”’—?] (3.19)
|4 v m,,

1% m,,

nl

Then
RHS =
Vi " V., +AE™ /g | (3.20
CI'D,,' NCI'GXP( c,laddmg)_ch'[Unzj.[m;llj_ Jn 'eXp( of 2 C q) ( )
VT Unl ng q ’ Unl VT
Combine both sides and we obtain
-1
V., +AE"
J, [L -E" .exp(_fﬂch)]
T T
V(Vl) '
— q 'Dn . ]\JC1 . exp( cladding ) (321)
VT
- V., +AED
~¢-D,"| Ne, '[Uﬂz ].[mfl j_ Lo oxp2t o
U, m, ) 94Uy Vr
By defining a “diffusion velocity” vy’ = u - E" | the above equation can be simplified as
V.. +AE™ ]
Jn'[ l(n)+ 1 J'GXP( = < q)
q ' UD q ' Unl VT
V(ﬂ) ' *
=N, -exp( S )= Ne¢, .(Unz J(m_::]j (3.22)
VT Unl mn2
(n) *
=N, | exp( Vc}add"”g ) —[NCZ ][ﬂ} . (m_zlJ
Ve Ne, U, m,,

. * * P 3/2
With 0,,, =2 ks T H-m}, ;) Neyy =2(27m, kg - TIR)
(ch).(ﬁ)(m_gl}l, (3.23)
Ne, U, m,,
then
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AE™ | q+V, v,
anq-(—l ] N, -exp(- ——C 47 a2y |:exp(—d;jdmg)—l . (329

/00" +1/v,, v, f
By defining
RS = (ln) +L, (3.25)
Un UD Unl
AED [ q+V,
Jé”) = q ’ Un ’ NCl ’ eXp(_ < q . ) (326)
VT
the equation can be written as
V(n)
J, =J" | exp(—Lddney (3.27)
VT

A similar result can be obtained for hole current. The derived current-voltage relationship
is similar to Shockley’s equation for ideal diodes [31] except:
1. The applied external voltage V,,, in the Schottky diode is replaced by Vadding. For

electrons or holes, the equation can be written as

J=J,- {exp( d;j‘”"é) 1} (3.28)

T
where the Ve j,q4img and the Js apply for only either n- or p- side (the structure with one
type of the cladding layers next to the same active region) of a device. The value of
Veiadding has to be positive in order to inject majority carriers, i.e. the terminal voltage is

always larger than the internal junction voltage with an amount of Vu44ing for any level of
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injection. However, it is possible that the V,44ing can be increasing or decreasing with
current level.

2. For an n-type semiconductor, the barrier height @z, for a Schottky diode is now replaced

by (AE." +q-V,,,), which varies with injection current because of the ¥, in the active

region. Therefore the J{" is not only a function of band-bending in the cladding layer, it

is also a function of factors such as recombination mechanisms in the active region.

3.3.2 The “thermionic emission’ model

At room temperature, the “diffusion velocity” of carriers in most semiconductor materials is
much higher than the “thermionic emission velocity” [31], and the thermionic emission
across the heterojunction boundary is indeed the rate-limiting process. The velocity be

simplified as

(3.29)

In this section, it will be shown that similar result can be obtained with the “thermionic
emission” model while the deriving procedure is greatly simplified. The device structure is
illustrated in Figure 3.3. In the “thermionic emission” model, it is assumed that quasi-Fermi
level is flat across the cladding layer, and all the electrons with higher thermal energies than

the barrier height are free to flow across the heterojunction.
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Figure 3.3: Electron (majority carrier) injection from the n-cladding layer to the active layer with the
thermionic emission model. Note the quasi-Fermi level is flat across the cladding layer in this model.

For the electron current from region 2 to 1 (or the electron particle flux from region 1 to 2)

in Figure 3.3, the current density is

* _AE(H)
J, = q-(nl Oy =1, U, [’" }.exp(ﬂ)J (3.30)
ng VT

where the 7, is unknown and the relationship between the V. j,q4ing and J needs to be derived.

If the Boltzmann distribution function applies, the carrier densities next to the boundary can
be described as

AED | q+V )=V

nl — ]VC1 X eXp(— V cladding)

r (3.31)
n, =N, -exp(—V;fz)

2 Cc2 VT
so that
AE(”)/ _V(n) ‘
nl — 1’12 . Nc1 . eXp(— C q cladding ) . (332)
Cc2 VT

Therefore (3.30) can be expressed as
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N AE" /q—V,("’ ; m. —AE®™ /q
J, =q-| ny-— exp(-— deddng y. v, —ny -0, | - |-ex <
n =4 { 2 N, p( 2 )V, =1y U, . p( 7 )

AE | V N *
=q- nz . NCI . Unl . exp(_c—q) . exp(ﬂ) — ﬁ N I S m_::l
Ne, Vr Vi Uy N, m,,

* * 2 32,
AS U, =2y THzm),,), Nepy =2(27my, kg T/R)in (3.33)

[ﬁ} . (b) . (ﬂ] _1 (3.34)
Uy Ne, m,,

Equation (3.33) can be further simplified to

(3.33)

V) +AED v
J,=q N, -0, -exp(—————— 9. {exp(—d;id’”g )-1

v
! ! (3.35)
V(lnz)id'g
:J(”)- ex claddin, -1
s p( v, )
with
V., +AED /q
J" =q-N. v, -exp(—%) . (3.36)
T

The “thermionic emission” approach produces the same result as obtained in (3.26) when
the “thermionic emission velocity” at the heterojunction boundary is much smaller than the

“diffusion velocity” in the adjacent confinement layer.

3.3.3 The equations for a full device

Across the full device, the terminal current-voltage can be obtain through
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J=J,=J,
(» (n) (3.37)
I/ext = Vj + Vcladding + I/cladding
The electron and hole components with this model are
V(P) )
J, = JP {exp(—d;'/dd’”g )— l:l
! . : (3.38)
AE) [ q+V
J;p) — q . Up . NV] . exp(_u)
VT
and
V(n) .
Jn — Jén) . |:eXp( Cl;;idmg ) _ 1:|
! o . (3.39)
., AE)" | q+V,
i =40, Ny -exp(-————")
T

As in Figure 3.1, if the Fermi level of the active region at thermal equilibrium is set as a

reference voltage, the junction voltages and the terminal voltages can also be denoted as

—_pm (p)
Vi=Vim+V;
(n) _ () (n) » 1P (p)
I/e*xt - Vj + I/cladding ’ I/exl‘ - Vj + I/cladding (340)
—m (p)
I/e)ct - I/e)ct + I/e)ct

The J-V,,, relation can be then calculated numerically with current density J as the

independent variable. First, the active region J-V; can be obtained from the recombination
model, then the Vc(l;’;ding and the Vflfjdmg can be evaluated from the above transport model,

finally the V,,, can be summed up from the three components. Following this procedure, they

are virtually decoupled from each other in the calculation. However, all the components in
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this model are nonlinear so that a numerical calculation has to be employed for each of them.
Nevertheless, in the next section, it will be shown that the cladding layer voltages are
actually strongly coupled with the active region junction voltages due to the interaction
between the two layers. The final results are more complicated than simply adding up three

diodes.
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3.4 Interaction between the Active Layer and the Cladding Layer

3.4.1 Introduction
The derived current-voltage equation for the n- or p- side of the device is similar to the
Shockley equation as

V i
J =JS~{exp(—d;dmg)—l} (3.41)

T

Usually the symbol J is used to denote a constant “saturation” current density when a
diode is reverse biased. In this model the symbol is kept while it does not have the same
physical meaning. Instead of being a constant, the Js in this model is strongly dependent on
the bias level and it is different for the n- and the p- side of the device. It will be shown that
this variable Jg actually provides important information about the interactions between the
active layer and the confining layer at each side of the heterojunction.

As in (3.2), the electron thermionic emission current across the boundary is given as

. —AE"
JI* =q-(n1 v, —n, -unz(m—fl}exp[#n, (3.42)
m,, Vr
and similarly the hole thermionic emission current is
m" AEW
J§E=Q' P U, =Py Uy = 'exp(_V—q] . (3.43)
mp2 VT

For both carriers the second terms in the above equations represent the backward flux from

the thermionic emission. If the band discontinuity AE"" for electrons or AES” for holes is

high or the temperature (and therefore the V7) is low, the backward thermionic emission flux
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is greatly reduced and the interaction between the two layers is expected to be weak. On the

other hand, when the strength of interaction is strong, the “thermal flux” (q ‘n- U) or

(q -p- u) of electrons or holes with concentration of 10'*/cm’ in both layers at room

temperature can be in the orders of 10* to 10°A/cm? for materials such as Al Ga;_As. Ifthe
device current of a LED or LD is about 10°A/cm?, the net current is only a small portion of
either side of the flux. In other words, the device current can be a result of small difference
between two large currents. In this situation, the changes in the junction characteristic can
possibly be reflected at the terminals.

In this section, it will be shown that the interaction through the thermionic emission process
across the heterojunction boundary can be explained with the injection level dependent Js.
The effects of the interactions on the differential resistance and the ideality factor of a
heterostructure device are studied. A simple device with parameters given in Table 3.1 is

used as an example.

Table 3.1: Parameters for the active region used in the example device structures. Note they are typical
parameters for GaAs.

Parameter Symbol Value/Unit
Bandgap E, 142 eV
Electron effective mass m*e 0.067m,

Hole effective mass m’, 0.48 m,
Conduction band effective density of states N¢ 4.42x10"7 em™
Valance band effective density of states Ny 8.47x10" cm™
Acceptor concentration Ny 0

Donor concentration Np 0
Nonradiative recombination coefficient A 1x10" 5™
Bimolecular recombination coefficient B 1x10" cm’/s
Auger recombination coefficient C 1x10°° em®s
Active region thickness L; 150 nm
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3.4.2 The J/Js ratio

As mentioned before, unlike in the ideal pn-junction or Schottky diode, the Js in this model is

indeed highly dependent on active region junction voltage. In the n- type structure,

AED [ g+ Ve

J" =q-v, N, -exp(- 7
T

) (3.44)

which varies exponentially as a function of the V., in the active region. The dependency on

the active region bias condition provides the interaction between the two layers. The cladding

layer voltage drop of the n- or p- structure is given by

chladding = VT ) ln (Ji + IJ H (345)

N
and we see that the (J/Js) ratio is a key parameter.

In Chapter 2, it was shown that the quasi-Fermi levels (and therefore V., and V,) in the

active region can be related to the corresponding ideality factor m;. If the effective density of

states for electrons and holes are known and the recombination mechanisms are the typical

(n)

power-law dependency currents, e.g. with 4/B/C coefficients, then m;" and the mﬁp ) can be

directly inferred from the junction voltage V;. It will be shown below, with n-cladding as an
example, that the (J/Js) ratio can also be related to V; as well as the ideality factor of the
active junction.

Assume that the recombination current in the active region can be expressed as

(n)
J=J,-exp(—2+—) (3.46)

)
m;"Vr
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where Jj is a constant, V_/(") is the n- part of the junction quasi-Fermi level splitting, i.e. the

difference between the electron quasi-Fermi level at biased condition and the Fermi level at

thermal equilibrium. m

) is the corresponding ideality factor related to electron quasi-Fermi

level splitting and the V7 is the thermal voltage. Using

J(”) =q-v, N -exp(—

V(ﬂ) V(n)

o0 J

v

of2

AE(Cn) /q+ chz )
Ve

(3.47)

where the Vc(f”o) is the voltage corresponding to the difference between the conduction band

edge and the electron Fermi level at thermal equilibrium in the active region. Then J{" can

then be written as

J" =q-v,-Ng, -exp(-

= (7 .l)n ’ ]\]?71 .(:)(I)(__

=q 'l)n . ]\](jl .(3)(1)(__

(n)

T
(n)

q-Vr

(n)

q-Vr

q-v,-Ne

N% €-)-exp(—

C)-exp(——

cf2
VT)

(n) ()

Vr Vr

(n)

%

(n)

cf 0
- X
v, { p(——

(n) (3.48)

(,,) V.

exp(—

(n) (n)

C 0
)-exp(——)
q-V; Ve

Therefore, the (J/Js) ratio can be expressed as
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(n)
= 'J< ") (3.49)
Jy' g0, N¢
where the first term is J independent, and the second term indicates that the ratio is related to

the absolute current density J through ideality factor as

F oc (3.50)

From the above equations with an n- type structure, it can be seen that the (J/.Js) ratio is
affected by various parameters such as:

= Band gaps and band alignment between the two layers. Through the thermionic process
across the heterojunction interface, a larger band discontinuity AE"” will reduce the
interaction between the two layer, which also results in a bigger value of the (J/Js) ratio

(n)
through exp(IC/—/q

T

) as in equation (3.49). The same dependency applies with the

parameter ch,”o) , which is related to the band gap and the doping of the active material.

» Effective Richardson constant of cladding layer material. It is reflected in the g-v, - N,

term in (3.49). A higher A"T? current results in a smaller (J/Js) ratio.

(n)
= Temperature. It not only affects the 4" 7° current, but also changes the exp(—¢—) and

T

(n)
the exp(%) terms exponentially. At low temperatures, if the band discontinuity AE""
T
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and the Vcﬁ,”o) do not change a lot, the smaller thermal voltage V7 will dramatically increase

the (J/Js) ratio, resulting in a much smaller interaction between the layers.

—mim) .. .
Absolute current density. The second term J (=) in (3.49) indicates that the (J/Js) ratio
is a function of J.

Active region ideality factor m; . The ideality factor affects the current independent part

as well as the current dependent term in (3.49). With the neutral active region model and
the typical A/B/C recombination coefficients as in Chapter 2, the ideality factor of the n-

or p- part is expected to decrease from 1.0 to a value between 0.5 and 1.0, and then

—m{"m .
increase with bias level. As (J /J ;")) ocJ (=) , the (J/Js) ratio is then expected to

(n)

increase when 1—m ;

>0 and then decrease when 1— m;”) < 0. Therefore the bias levels

where m=1 are special points for the ratio. At a low bias level, the ideality factor from n-
or p- part is about 1.0, and the (J/.Js) ratio is independent of J. At other bias levels, when
the m is smaller than 1.0, the (J/Js) ratio increases with current, while when the m is
greater than 1.0, the ratio decrease with current.

Nonradiative recombination strength in the active region. When the junction quasi-Fermi
levels are not close to the band edges, the ideality factors associated with the n- or p- side
is about 1.0. Under this low bias condition, the Jj in (3.49) is mainly determined by the
monomolecular recombination coefficient. A higher nonradiative recombination rate in

the active region will correspond to a larger Jj and a corresponding larger (J/Js) ratio.
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The (J/Js) ratio with the device parameters given in Table 3.1 are calculated with this
model. The (J/Js) ratios with band discontinuities of 5V and 10V7 for n- and p- type
structures are plotted as function of junction voltage normalized to the bandgap energy in
Figure 3.4. The corresponding junction ideality factors are also plotted. The (J/Js) ratios as
function of junction voltage can be categorized in to three regions. First, at low bias voltage,
it starts out with a nearly constant value until the corresponding ideality factor begins to
change. As discussed above, the constant value reflects the strength of interaction between
the two layers. The ratio is determined by parameters such as band alignment, device
temperature, effective masses in the cladding layer, nonradiative recombination lifetime in
the active layer and etc. It can be seen in Figure 3.4 that larger band discontinuities
corresponds to higher values of the (J/Js) ratio or less interaction between the layers. Second,
if there is a transition region in the ideality factor, i.e. the m; falls between 0.5 and 1.0 for
electrons or holes, there is a corresponding transition region for the (J/Js) ratio in which the
ratio keeps increasing until the ideality factor increases to 1.0 again. Third, for the region
where the corresponding the ideality factor greater than 1.0, the (J/Js) ratio drops with
junction voltage and it approaches zero at high bias level.

The same data is also plotted as function of current density in Figure 3.5. Note that for a
current density below 5000A/cm?, most of the corresponding junction voltages are within
only a few thermal voltages below and above the bandgap. With the given parameters, the
(J/Js) ratio is decreasing for electrons while it is increasing for holes with current densities

between 500A/cm?® and 5000A/cm?>.
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Figure 3.4: The (J/Js) ratios with n- and p- structures and band discontinuities of 5V and 10V as function of
junction voltage normalized to the bandgap energy. The corresponding junction ideality factors are also plotted.
The ratio starts out with a nearly constant value at low bias voltage and keeps increasing when the
corresponding ideality factor is less than 1.0, then it drops fast and approaches zero after the ideality factor is
greater than 1.0.
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Figure 3.5: The (J/Js) ratios with n- and p- structures and band discontinuities of 5V and 10V as function of

current density (J<5000A/cm?). The corresponding junction ideality factors are also plotted. Note most of the

corresponding junction voltages are a few V' around Eg/q. Most of the (J/Jy) ratio is decreasing for electrons
while it is increasing for holes due to the difference in the ideality factors.
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3.4.3 The quasi-Fermi level difference between the cladding layer and the active region

As in Figure 3.1, the Vjua4ing in this model is defined as the quasi-Fermi level difference
between the cladding layer and the active region of the #- or p- side of the device. The
interaction between the cladding layer and the active region is reflected in the Vjudging. With
additional nonlinearity, the existence of the V,.44ing changes the electrical characteristics of
the device from the junction values to new terminal properties.

In previous derivations, for either the n- or the p-cladding layers, the Vuqaing 1s related to

terminal current as

T

J=J- {exp( ‘l;"””é) 1} (3.51)

where the Jg stands for J§" or J§, and the Vejadaing can be V3, or V2, . Therefore,

Vtadding = V7 In (JiS+IJ (3.52)

The V. iadaing With the device parameters given in Table 3.1 are calculated with this model.
In Figure 3.6, the (Veadaing/ V) With band discontinuities of 5V and 10V7 for n- and p- type
structures are plotted as function of junction voltage normalized to the bandgap energy. The
corresponding junction ideality factors are also plotted. From Figure 3.6 and (3.52), it can be
seen that the current-voltage relationships from the transport across the heterojunction
transport is always nonlinear.

When J/J¢ <1 and therefore V/

cladding

<V,
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J

Vcladding ~ VT [J_J (353)
N

In this case, the Veaqaing 15 actually negligible regardless of the bias level (or the junction
ideality factor m;). Therefore, the external quasi-Fermi level in the cladding layer closely
follows the internal quasi-Fermi level in the active region. The external electrical
characteristics are expected to be almost identical to the junction properties.

At a low bias condition where the (J/Js) ratio is independent of current level, the
corresponding ideality factor for n- part or p- part is about 1.0, and the Vj,q4ing does not vary
with injection level either. In this case, the external quasi-Fermi level in the cladding layer
follows the internal quasi-Fermi level in the active region by a constant offset. While the
external voltage is not identical to the internal junction voltage in this situation, the current
derivatives are expected to be the same.

As in the (J/Js) ratio, there are transition regions where the Vjuq4ing 1 strongly affected by a
change in the dominant recombination mechanism in the active region. When the
bimolecular recombination in the active region becomes stronger at higher injection level, the
corresponding ideality factor in the junction begins to drop from 1.0, which means that the
internal quasi-Fermi level moves slower. Meanwhile the (J/Js) ratio and the Vaq4ding Increases
until the ideality factor returns to 1.0. Therefore, although the internal quasi-Fermi level
moves slower in the junction, the difference between the internal and the external quasi-
Fermi levels increases, the net result is that the internal quasi-Fermi level can not be exactly

“seen” from terminals. Similarly, when the junction ideality factor increases to values above
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1.0, the quasi-Fermi level in the active region moves faster, while the Va4 decreases with
current, corresponding to a negative differential resistance (NDR) in the cladding layer.

To conclude, in the regions where the internal (n- or p-) junction ideality factors are below
or above 1.0, the trends of the Vjqq44ing always counteract the moving of internal quasi-Fermi
level. This is because the backward thermionic emission fluxes are included in the boundary

condition in the derivation of this model.
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3.4.4 The differential resistances and the fraction f;
A. Direct calculation of the differential resistances

With the derived Ve jaaing, the terminal voltage can then be obtained by

%

ext

=V, +V, (3.54)

cladding
which has be calculated numerically. As the terminal voltage V,,, is offset from the junction
voltage V; by the amount of Vj444ing, the corresponding current derivatives will be different.
From (3.54), the measurable differential resistance from device terminals denoted as dV,./dJ

can be calculated directly by

dv,

ext

dv, AV
STEREPTI ;’Z;"’”g. (3.55)

With the same parameters as previous used, in Figure 3.7, the dV/dJ from the terminals
(dVex/dJ), the active junctions (dV;/dJ), the cladding layers (dV iadading/dJ) and the junction
ideality factor (m;) of n- and p- side of the double heterostructure are directly calculated from
(3.55) and plotted as function of junction voltage normalized to the bandgap energy. It can be
seen that the dVq4ing /dJ are negligible before the junction voltage is close to the bandgap.
The same data is plotted in Figure 3.8 but as function of current. As mentioned in Section
3.4.3, the differential resistances calculated for the cladding layer voltage drops are negative
when the corresponding ideality factor is above 1.0, resulting in a smaller terminal
differential resistance than the junction differential resistance. For the region where the
ideality factor is less than 1.0, the dV.jua4ing/dJ 1s positive and the terminal differential

resistance is bigger than the junction value.
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B. f;— the fraction associated with junction for differential resistances and ideality factors

In addition to (3.55), it is found that there is a simpler analytical formulation between the
external and the internal differential resistances with this model. In this section, the
relationship between the differential resistances is derived and discussed.

The n- part of the structure is used as an example in the derivation. With

V’(n) .
J=J" | exp(—Ldingy (3.56)
VT
and
Ve =Vi" 4 Vifiine (3.57)
the current can be expressed as
. _V(n) V(n) V.(’l)
J=|J" exp(—L) || exp(—2~) —exp(— . 3.58
s p(VT) p(VT) p(VT) (3.58)
(n _ym
C

As J{" =q-v, - N, -exp(— 92y, T -exp( Vl ) is independent of J if the v, is a

T T

constant. Differentiate the equation and it becomes

_VF;1) (n) VA(H)
dJ = [Jé’” -exp(—-’)] .L.[GXP(V;_”) V) —exp(——)-dvy" (3.59)

VT VT T T
Vo) o AV Vv
-ex =exp(—-). —&—ex C— 3.60
G p( v, ) = exp( A ) T p( v, ) T (3.60)
dV(”) _V(n) /(”) VT dl//(n)
— —exp(—2) - exp(——)- +— 3.61
o= ()| S (3.61)
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() V. av®
Ve = exp(—uddng . e 4 (3.62)
dJ v, JO O dJ

Note the same result can be achieved by differentiating the J-dependent J{" directly. With

I/c(lgzding = VT ' 11'1 {ﬁ—’_ IJ s (363)
N

the external differential resistance from #- side can be simplified as

() dvm™
Do [ Ve | |2 )1 (3.64)
;i \J+J dJ ) JIJ8+1
or:
(n) dvm (n)
Ve :(E]. A A S (3.65)
dJ J )\ J+J a; )\ J+JP

In (3.65), the ratio % is the differential resistance of an ideal diode with ideality factor of

v
1.0 and the } is the differential resistance of the junction, which can be alternatively

written as mﬁ.") 7T with mj.”) being the junction ideality factor. Nevertheless, as the o
+ N

(m)
and the SJ T add up to unity, equation (3.65) reveals an important conclusion from this
+ S

model: the measurable terminal differential resistance is a linear combination of the
differential resistances from the junction and from the heterojunction transport.

Define the fraction which is associated with the junction f; as
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J 1 (

L= T

0< f,<1), (3.66)

the terminal differential resistance can be written as

av,
%:[ /J'f-’{%j'(l_f-’) (3.67)

a7 \ds

or

s
d;j, :(m_,J Tj.f/_ +(%].(1—f_,)
:[%j[m’fj +(l—f,~)J

which indicates that the total differential resistance is equivalent to that from a diode with an

(3.68)

ideality factor between 1.0 and m;.

Therefore, in order that the device derivative characteristics can be “seen” from the
terminals, it 1s desirable that the junction fraction f; is close to unity. From (3.66), the fraction
is directly related to the (J/Js) ratio discussed in Section 3.4.2. As the (J/Js) ratio is a function
of the strength of interaction between the layers as well as the bias condition of the junction,
the same dependency is expected for the f;.

Similar to the (J/Js) ratio which is sensitive to parameters such as band alignment,
temperature, nonradiative recombination in the active region etc., the f; is also sensitive to
these parameters. With the same parameters as used in previous calculations, in Figure 3.9,
the fractions from junction f; with n- and p- structures as a function of junction voltage
normalized to the bandgap energy are plotted. The corresponding junction ideality factors are

also plotted. In Figure 3.9, when the band discontinuity is increased from 5V to 10V7 so that

87



the interaction between the layers is reduced, the f; also drops dramatically. In Figure 3.10,
the fraction from junction f; with n- and p- cladding layers with different monomolecular
recombination coefficients in the active region as function of junction voltage normalized to
the bandgap energy are plotted. It can be seen that small nonradiative recombination lifetime
in the active region reduces the fraction f;.

The fraction f; is also modulated by the ideality factor in the active region. When the
ideality factor is about 1.0, the f; is a constant determined by the interaction strength. The
fraction f; decreases when the ideality factor drops below 1.0, and it increase whenever the
corresponding m; is above unity. As in Figure 3.9, due to the different effective density of
states for electrons and holes, the ideality factor from electrons and holes are quite different.
Within the region of a few V' around the band gap, the f; for electrons is increasing while the

/; for holes is decreasing.
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Figure 3.9: The fraction from junction f; of n- and p- side of the structure as function of junction voltage

(V- Efg)V,

20

2.00

1.75

1.50

1.25

1.00

0.75

0.50

2.00

1.75

1.50

1.25

1.00

0.75

0.50

m"=J-dV, /dJ

Jp

m?=J.dv /dJ

normalized to the bandgap energy. The corresponding junction ideality factors are also plotted. The f; starts out
almost a constant, decreases with bias level until the corresponding ideality factor is greater than 1.0, and then
increases to 100% at extremely high bias level.

89



A =1x10"s

S A=A /50

: ——A=A/10
= —— A=A,

—— A=A x10

_ —— A=A x50

f‘j(P) (%)

(V- Efa)V,

Figure 3.10: The fraction from junction f; of n- and p- side of the structure with different monomolecular
recombination coefficients in the active region as function of junction voltage normalized to the bandgap energy.
Small nonradiative recombination lifetime reduces the fraction f;. Note the different 4 coefficients correspond to
different ideality factor curves.

90



C. Calculation of differential resistances and ideality factors with f;

As shown in (3.67) or (3.68), the differential resistance from the terminals consists partially
of the junction differential resistance and the remainder of V7/J. In Figure 3.11, the dV.,, /dJ,
dV;/dJ, and Vy/J are plotted as function of current along with the junction fraction f; of the n-
and p- side of the double heterostructure device. It can be seen that the dV.,,/dJ is always
between the dV;/dJ and the V7/J. 1t is closer to dV;/dJ when the f; is closer to 100% as for
electrons. On the other hand, it is closer to the V'7/J for holes because the corresponding f; is
much smaller than 1.0. Note for the n- part as the corresponding junction ideality factor is
bigger than 1.0, the external differential resistance is smaller than the junction differential
resistance. While for the p- part the external differential resistance is bigger than the
junction’s due to the less-than-1.0 junction ideality factor.

To compare the results from a device with different strengths of interaction between the
active region and the cladding layer, in Figure 3.12, the dV, /dJ, dV; /dJ, and Vy/J are plotted
as function of current for zn- and p- side of the device as function of current with a band
discontinuity of 5Vrand 10V7. It can be seen that the dV..,/dJ is always between the dV;/dJ
and the V7/J for both alignments. With higher band discontinuity, the strength of interaction
is weaker so that the f; is smaller, i.e. less junction properties can be seen from terminals. As

a result, the dV,.;/dJ is closer to V7/J for both electrons and holes.
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The fraction f; (nonlinear) provides linear combination of internal components for the
external differential resistance, and since the (first derivative) ideality factor is measurable

through the differential resistance by

My =L Lo (3.69)
V. dJ

the external ideality factor can also be associated with the internal junction ideality factors
through the same fraction f;.

For electrons or holes, as in (3.68),

%:(%j'[mj'fj—’_(l_fj)]’ (3.70)

the corresponding first derivative ideality factor is
My === m - f,+(1-f))] (3.71)

In Figure 3.13, the ideality factors from the terminals (m..;) and the active junctions (m;) for
n- and p- side of the LED with band discontinuity of 5V and 10V as function of junction
voltage normalized to the bandgap energy are plotted. It can be seen that it is a value
between 1.0 (associated with the thermionic emission across the heterojunction interface) and
the ideality factor of the active region (n- or p- part). With both types of carriers for a full

device, it can be written as:
M, =(m,)- f, +(2.0)-(1- 1, ) (3.72)

which varies between the total junction ideality factor m;and 2.0 depending on the bias level.
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ideality factors from terminals are between 1.0 and the ideality from junction.
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3.4.5 Summary

In this model, the interaction between the active region and the cladding layer is implied in
the thermionic emission boundary condition between the two layers. It is sensitive to
parameters such as band discontinuity and temperature.

The strength of interaction is closely related to a bias level dependent (J/.Js) ratio. At low
bias level, it is a constant determined by material properties. At higher bias level, it is
modulated by the corresponding ideality factor from the active junction, which reflects the
speed of quasi-Fermi level separation in the active region.

Due to the backward flux of the thermionic emission, the quasi-Fermi difference between
the cladding layer and the active region Vej,qimg 1 “reactive” to the quasi-Fermi level splitting
inside the active junction. The V. jquing Increases when the junction ideality factor is smaller
(corresponding to slower moving of the quasi-Fermi level) and vice versa.

A nonlinear fraction f; is found to be useful in describing the external differential
resistances and the ideality factors by the linear combination of the internal components from
the cladding layer and the active region. The value of f; is always between 0 and 1 and it can
also be related to device parameters and junction ideality factor. When f; is close to 1.0, the
measurements of the terminal characteristics are reflective of the junction characteristics. It is

closer to 100% when the interactions between the layers are stronger.
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3.5 The Simplified Laser Diode Model

3.5.1 Introduction

The internal junction quasi-Fermi level splitting is expected to saturate after lasing threshold
due to the gain saturation effect in laser diodes, resulting in kinks in the junction differential
resistances and ideality factors. In this section, the active region of a simple double
heterostructure laser diode is constructed from the “junction” model with ABC recombination
currents as described in Chapter 2, and the stimulated recombination model by Paoli [20].
Cladding layers are next to the active region as shown in Figure 3.1. The device geometry is
identical to the one without stimulated emission in Section 3.4. It was shown in the previous
section that the interaction between the cladding layer and the active region through
thermionic emission can be strong, and as a result there can be significant differences
between the electrical characteristics of the terminals and of the junction. This model is
extended to describe simple double heterostructure lasers with the inclusion of the junction
voltage saturation effect in the active region.

In this section, a simple double heterostructure laser diode is used as an example for a
numerical calculation. The device structure and some of the parameters for the active
material are shown in Figure 3.1 and Table 3.1 respectively. Additional parameters for the

laser junction model as described in Chapter 2 are listed in Table 3.2.
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Table 3.2: Additional parameters with the laser active region material.

Parameter Symbol Value/Unit
Transparency concentration Ny 1.8x10"™ cm™
Saturation density of electron concentration ny 2.2x10"% em™
Saturation value of quasi-Fermi level splitting Vs 1.4742V
Differential gain a 9.3x10"" cm?

3.5.2 Interaction between the active region and cladding layer for laser diodes

As discussed in Section 3.4, the (J/Js) ratio is an important parameter in describing the
interaction between the layers. When operated as an LED, the (J/Js) ratio starts out at a
relatively constant value which is mainly determined by material parameters at a low bias
junction voltage level. At the transition zone where the junction quasi-Fermi level splitting is
close to the band gap energy, the ratio increases with current when the corresponding p- or n-
junction ideality factor is less than 1.0 and decreases if the junction ideality factor is more
than unity.

The Js is a function of the active region bias level through V.-and Vj . With the
introduction of laser action where the quasi-Fermi levels lock after threshold, the Js will stop
increasing with current as V.rand V5 no longer vary with current. Consequently, after the
injection current level passes the lasing threshold, the J/Js ratio is expected to increase
linearly with current, corresponding to less interaction between the active region and the
cladding layer.

The (J/Js) ratios and the corresponding junction ideality factors (m;) with an n- and p-

structure in the laser model are plotted as function of current in Figure 3.14. The curves for
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the LED without junction voltage saturation are also plotted. The abrupt change of ideality
factors correspond to laser threshold. It can be seen that after threshold, the (J/Js) ratio
always increases with a constant slope with injection level. Before threshold the (J/Js) ratio
can be increasing or decreasing depending on the corresponding ideality factor. As a result, at
threshold there are sudden changes or upwards kinks in the slope of the (J/.Js) ratio.

The difference between the quasi-Fermi level in the cladding layer and the active region

can be obtained from the (J/Js) ratio as

V aaing
—cloddg. =ln[i+l] (3.73)
VT N

Therefore, kinks are also expected in the slope of Vju4ainge due to the sudden change in the
(J1Js) ratio. In Figure 3.15, Vjudaing (normalized to the thermal voltage) and the corresponding
junction ideality factors (m;) with n- and p- structure in the laser model are plotted as
function of current. Note the V. j,q4ing iIncreases logarithmically or linearly as function of
current after threshold depending on the absolute value of the (J/Js) ratio. In contrast, when
the device operates as an LED before threshold, V.j,q4ing can be increasing or decreasing as
function of current depending on the corresponding ideality factor. At the point of threshold
there is a sudden increase in the slope of Vjaaing, Which corresponds to an upward kink in the
dVciadaing/dJ. On the other hand, the kink from the junction dV}/dJ is always downwards at
lasing threshold, this upward change in the dVja4aine/dJ will reduce the total kink height at the

terminals.
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As defined previously,

1

L=+

(3.74)

and an increasing (J/Js) ratio after threshold is going to reduce the fraction associated with
junction f;. The f; and the corresponding ideality factors m; with n- and p- structures in the
laser model are plotted as function of current in Figure 3.16. The curves for the LED without
junction voltage saturation are also plotted. It can be seen that for both types, the f; always
decrease with current after threshold. Similar to the (J/Js) ratio and Vju44ing, there are abrupt

changes in the slopes of the f; at threshold while their values are still continuous with current

level.
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3.5.3 Differential resistances and the ideality factors for laser diodes

The fraction associated with junction f; can be used to describe the terminal differential
resistances and ideality factors by the linear combination of values from the junction and the
cladding layers as in the LED model described in Section 3.4. The terminal differential

resistance for the n- or p- side of the device is given as

%:(Vﬂ[,ﬂ S - 1], (3.75)

At threshold, assuming that the fraction associated with junction is f; s, the corresponding
junction ideality factor diminish abruptly from m; 4 to zero, the kink in the differential
resistance from the terminal is

dv, dv,

ext ext

23]
dJ |J’2 T |th :_(mj,th)'(7j (f;th) (3.76)

It can be seen that the differential resistance right after threshold is always smaller than the
one right before threshold, or the kink direction is always downwards with this model. The
external kink height is different from the internal value with the fraction f; 4. Since the factor
f;m 1s always less than unity, the kink heights detected at the terminals are smaller than the
one solely from the internal active region.

After threshold, from (3.75) the total differential resistance becomes

Dew

ext

dJ

VT . —
_(7j (-1, (3.77)

J>J,,
with non-constant f;. As the f; is decreasing after threshold, the (1- f;) will increase with

current after threshold. Nonetheless, it can be simplified to
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dv,

ext

- (3.78)
ar |, Jg+J

J>Jy,

which decreases with bias level after threshold. The trend of the decreasing differential

. : . 1
resistances is also modified from m, T (~ l) before threshold to & (~ ) after
TJ 0 x Jo+J  x+x,

threshold.

The dV/dJ from the terminals (dV.\,/dJ), active junctions (dV;/dJ), cladding layers (dV iuding
/dJ) and the junction fraction f; for the n- and the p- side of the simple laser model are plotted
as function of current in Figure 3.17. The curves for the LED without junction voltage
saturation are also plotted in dashed lines for comparison. The kinks in the differential
resistances indicate the lasing threshold. It can be seen that the non-unity f; reduces the
terminal kink height at laser threshold and creates a slowly decreasing differential resistance
after threshold.

In Figure 3.18, the dV/dJ from the junction and from the terminals with band
discontinuities of 5V7and 10V for the n- and the p- side of the laser model are plotted as
function of current. The case of 10V (compared to 5V7) for the band discontinuity
corresponds to a much smaller interaction between the layers. This also dramatically reduces
the kink height at lasing threshold so that it is barely visible as shown in the curves with
triangle symbol. In this situation it is no longer possible to detect laser thresholds by finding
the kinks in the differential resistances.

The terminal ideality factors can be calculated from measured differential resistance by
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=Vi-d£7f =[m,-f,+1-1)]. (3.79)

m

Before threshold, the obtained ideality factor from the n- or the p- side of the device is
between the junction value m; and 1.0 as discussed in the LED model. Assume that right
before threshold, the fraction associated with junction is f; 5, and the corresponding junction
ideality factor is m; 4. The junction ideality factor diminishes abruptly to zero right after
threshold, and the corresponding downward kink in the terminal ideality factor associated

with lasing threshold is therefore

m

ext

g _(mj,rh)'(fj,zh) (3.80)

Ji B mext
Equation (3.80) indicates that, as with the differential resistance, a reduction of kink height in
the ideality factor to the fraction of f; ; occurs.

The terminal ideality is not a constant after threshold. Instead of dropping to zero as within

the junction, the measurable value from the terminals is

m =1-f, (3.81)

ext|j>J,
which increases with current after threshold since the f; is decreasing after threshold.

In Figure 3.19, the ideality factors of the junction (m;,) and of the terminals (., with band
discontinuities of 5V7and 10V in the n- and the p- side structure of the laser model are
plotted as function of current. The kink heights at the laser thresholds are dramatically
reduced with less interaction between the active region and the cladding layer. After

threshold, the terminal ideality factor increases with current level and approaches 1.0.
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To summarize, the LED model which takes into account of the interaction between the
cladding layer and the active region of double heterostructure devices through thermionic
emission across the heterojunction boundary is extended to a simple laser model with the
inclusion of junction quasi-Fermi level saturation. The model predicts that less interaction
between the active region and the cladding layer will result in reduced kink heights in the
differential resistances and the ideality factors as measured at the terminals at laser threshold.
It is also responsible for decreasing differential resistances and increasing ideality factors

after threshold.
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3.6 Conclusions

In this chapter, the nonlinear resistances introduced by majority carrier injection from the
device terminals to the active region in simple double heterostructure light emitting diode or
a laser diode are investigated through a semi-analytical current-voltage model. The model is
based on a classical drift-diffusion formulation for the bulk cladding layers and a thermionic
emission mechanism for carrier transport across abrupt heterojunction interfaces. Various
assumptions such as a flat-band condition in the active region and negligible carrier overflow
were assumed in the derivation.

The characteristics of the voltages, differential resistances and ideality factors are different
between the active region and the terminals with this model. The differences vary with
injection level and they are found to be dependent on the interaction between the active
region and the confining layers. The strength of interaction is closely related to an injection
level dependent (J/Js) ratio. At a low bias level, the ratio is a constant determined by material
properties. It is sensitive to parameters such as band discontinuity and temperature. At a
higher bias level, the ratio is modulated by the corresponding ideality factor from the active
junction, which reflects the speed of quasi-Fermi level separation in the active region. The
quasi-Fermi level movement in the active region is slower when the corresponding junction
ideality factor is smaller than 1.0 where the interaction between the layers is smaller. On the
other hand, the strength of interaction is stronger when the junction ideality factor is greater

than 1.0.

111



The interaction between the layers is implied in the thermionic emission boundary
condition for heterointerfaces in this model. Due to the backward flux of the thermionic
emission, the quasi-Fermi difference between the cladding layer and the active region Veiading
is “reactive” to the quasi-Fermi level splitting inside the active junction. The Vudding
increases when the junction ideality factor is smaller (corresponding to slower moving of the
quasi-Fermi level) and vice versa.

The nonlinearity is accompanied by the junction properties being only partially reflected at
the device terminals. The measured differential resistances and the ideality factors at device
pins are normally only a fraction of the contribution from the active region, and the
remainder of the terminal characteristics is from the cladding layers. A nonlinear fraction f; is
found to be useful in describing the external differential resistances and the ideality factors
by the linear combination of the internal components from the cladding layer and the active
region. The value of the f; is always between 0 and 1, and it can also be related to device
parameters and junction ideality factors which are related to the bias level. When f; is close to
100% then the terminal differential resistances and ideality factors are closer to the junction
values when the interactions between the layers are stronger. It is nontrivial to design a
device whose derivative characteristics can be mostly measured from its terminals.

The LED model was extended to a simple laser model with the inclusion of junction quasi-
Fermi level saturation in the active region. The model predicts that less interaction between
the active region and the cladding layer will result in reduced kink heights in the differential
resistances and the ideality factors at laser threshold. Although the junction quasi-Fermi level

splitting is saturated after threshold, a decrease in the differential resistance and an increase
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in the terminal ideality factor can be observed as a result of the contribution from the
interaction between the cladding layer and the active region. A reduction in the differential
resistance kink height at threshold is always accompanied by the decrease of differential

resistance after threshold from this model.
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Chapter 4

Numerical Modeling of the Carrier Overflow Effects
on the Differential Resistance of Simple Double

Heterostructure Laser Diodes

4.1 Introduction

The interaction between the active region and the cladding (or the confinement) layer of
double heterostructure LEDs and LDs were analyzed through the current-voltage equation
derived with the thermionic emission boundary condition in the semi-analytical model
described in Chapter 3. As mentioned previously, this semi-analytical model is based on
various assumptions and simplifications. In order to obtain more realistic results, in this

chapter, the differential resistances and the ideality factors of the same device geometries are
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analyzed through a self-consistent numerical approach that makes possible the inclusion of
recombination in the cladding layer and the over-barrier minority carrier leakage.

Carrier confinement has always been an important issue for semiconductor opto-electronic
devices such as LEDs and LDs. The mechanisms and effects of carrier leakage over blocking
layers have been extensively studied analytically, numerically and by experiments on various
devices and material systems [69-94]. The carrier spillover is practically not avoidable.
Spillover in laser diodes not only deteriorates device efficiency and increases threshold
current density, it also creates a nonlinear light-current relationship, decreases the
characteristic temperature Ty, limits the maximum modulation frequency and output power,
reduces the reliability and shortens device lifetime. In this chapter it will be shown that the
leakage currents also affect the differential resistances and therefore the ideality factors of
laser diodes.

Some important physics including 1) thermionic emission at a heterojunction interface, 2)
drift-diffusion transport within bulk semiconductor and 3) quantum mechanical tunneling at
the heterojunction interface have to be considered in order to model the over-barrier leakage.
So far there is no analytical model that can take into accounts all these mechanisms and the
transport of both majority carrier and minority carriers even for the simplest one-dimensional
problem.

Commercial simulators are available and normally the entire device is simulated instead of
the leakage problem over a barrier. Numerical simulation of a simple laser diode or light-
emitting diode is complicated, and the simulation requires a tremendous amount of

computation because of the coupling between electrical, optical and thermal equations. On
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the other hand, the motivation of our approach is to identify the primary physical processes
that affect the differential resistance and the ideality factor of a diode. Therefore, instead of
accurately predicting the electrical and optical behavior of a designed or fabricated diode
with complete input parameters, our focus is to include the capability of incorporating the
key physical effects and obtaining the general trends and tendencies of the behaviors from
the underlying physics.

To minimize the computational load, the numerical simulator is simplified as follows. First,
it is restricted to only one spatial dimension. While the spatial effects such as current
spreading and spatial hole burning (SHB) in modern LEDs and Vertical-Cavity Surface-
Emitting Lasers (VCSELs) are obviously not negligible, they can possibly be simulated using
the lumped circuit model (e.g. resistor-diode networks) [95] with the simulated one-
dimensional device as circuit elements. Second, most of the physics in the model is kept
phenomenological. For example, the electrical-optical interaction in the active region of a
laser diode is modeled through the classical electron and photon rate equations. The
recombination mechanisms are described with 4/B/C coefficients whenever possible. Third,
the model is further simplified to only half of the device, i.e. the p- or the n- side result can
be obtained without running the full-device simulation. In previous chapters, it was shown
that the ideality factors from the recombination mechanisms in the active region and that
from the majority carrier injection through heterointerfaces can both be separated into n-
(electron) and p- (hole) parts. The problem is solvable in a self-consistent manor for half of
this one-dimensional device using the additional thermionic boundary condition for minority

carriers, and assuming that the quasi-Fermi level splitting in the uniform active region and
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the majority current at the boundary are known. With these simplifications, the
computational cost of the simulation is greatly reduced while the primary physics can be
easily identified in studying their effects on the differential resistance and the ideality factor
characteristics. The simplification and the difference between the models are illustrated in
Figure 4.1.

The implementation of a self-consistent one-dimensional (1-D) numerical model is
described in Section 4.2. With the described numerical model, the effects which were not
included in Chapter 3 such as the recombination in the cladding and the over-barrier minority
carrier leakage currents are taken into account in the simulation. Results are shown and
compared with the semi-analytical model in Section 4.3. Important parameters that affect the
leakage currents are discussed. Simulation of the effects of the leakage current on the
terminal differential resistances are demonstrated and compared with experiment data.

Conclusions are presented in Section 4.4.
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for numerical simulation in this chapter.
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4.2 The Numerical Model

The simulated structure is a p-cladding layer with an Ohmic contact on one side and an active
region on the other side. In theory, either the p- or n- cladding layer can be chosen in the
simulation, while normally the p-cladding layers draw more attention. Compared with n- type
material, it is in general more difficult to dope the p- type material with a high concentration
of dopants, more challenging to make a good Ohmic contact, and the valence band structure
is much more complicated. Therefore, the modeling of the hole current is more challenging
and richer in important effects. As mentioned before, the simulator is not intended for
accurate prediction and the model is mainly phenomenological. The assumptions for this

model are described below.

4.2.1 Assumptions for the numerical simulation

First, without taking into accounts the individual sub-bands in the valence band and the
indirect minima in the conduction bands, single electron and hole effective density of states
are used along with parabolic £-k relationship in the model. Then band-filling and the carrier
concentrations can then be calculated with the Fermi-Dirac integral.

The simulation is performed only at high injection conditions in the active region, which is
the same condition as previously used for the semi-analytical model. The internal junction
quasi-Fermi level splitting is significant so the free carrier concentrations of both carrier
types are high and the active region is assumed homogeneous. The active layer band-bending

is assumed negligible and the quasi-Fermi levels as well as the conduction and the valence
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band diagram are flat across the entire active region. Charge neutrality is also assumed for
the double heterostructure devices. For devices whose active regions are quantum wells, it
has been pointed out that charge neutrality may not be met in the active region even at high
injection levels [111]. The recombination currents in the active region follow the models
described in Chapter 2, i.e. monomolecular, bimolecular and Auger recombinations with
A/B/C coefficient respectively, along with stimulated emission in lasers derived from the
classical rate equations [20] are taken into account.

The main problem to solve is actually the bulk cladding layer, where the classical drift-
diffusion transport model is applied. Unlike the semi-analytical model where the
recombination events in this layer are neglected and the full depletion approximation is used,
in this numerical model, the recombinations in this layer can be included and the band-
bending in this layer is not necessarily quadratic.

The same thermionic-field emission formulation as in Chapter 3 is used for the boundary of
heterojunction interface. As the simulation is performed on only half of the device, the
boundary condition at this interface is critical to ensure the existence of the solution and the
convergence of the simulation. The other boundary of the simulated structure is an ideal
Ohmic contact, which is a Dirichet type of condition for the differential equations. Details on

the treatment of the boundary conditions will be presented in Section 4.2.3.
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4.2.2 The drift-diffusion formulation of the cladding layer

With the flat-band approximation for the active region and the phenomenological
recombination and rate-equation models for the gain medium, the cladding layer next to this
layer becomes the main body of the numerical simulation. When using the self-consistent
drift-diffusion (DD) simulation, the quadratic assumption of band-bending is not required
and the results are expected to be more realistic. Nevertheless, with the inclusion of
recombinations in the cladding layer, the effects from the additional current path and the
minority carriers overflow leakage currents can be investigated.

In this model the conventional one-dimensional (1-D) drift-diffusion (DD) approach [96,
101] is used to describe carrier transport within the cladding layer. The set of three coupled
transport equations are Poisson’s equation and the continuity equations for electrons and
holes. We use the electrostatic potential V7, the electron quasi-Fermi level V, and the hole
quasi-Fermi level V), as the independent variables. For simplicity, the cladding layer material
is assumed to be homogeneous. Only Shockley-Read-Hall (SRH) recombination with a
single trap level in the cladding layer is considered and the trap level is assumed to be the

same as the intrinsic level. In 1-D and steady-state, the equations are given as

2

d V@P q + -
—+—(p+N,-n—-N,)=0 4.1)
dx &
%—q-RSRH:O (4.2)
dx
dJ
d +q-RSRH =0 4.3)
dx
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where ¢ is the permittivity of cladding layer material. » and p are the free electron and hole
densities. N, N/ are the ionized acceptor and donor concentrations. Electron and hole

current densities J, and J, are expressed as

J =—qun—=L+gD — 4.4

T sl s (4.4)
dav dp

J =— — _g4D £ 4.5

p = ~qH,P— ~=aD, (4.5)

where p, and p, are the electron and hole mobilities, D, and D, are the electron and hole

diffusion coefficients, respectively. Free carrier densities are calculated using Fermi-Dirac
statistics. The electron and hole concentrations, without individually taking into account the

multiple sub-bands, are given by

E.lq-V, -V
”:Nc'gl/z e ”J (0
VT
V+V -E,/
p=N,-F |- el;/ . qj (4.7)
T
where & |, is the Fermi integral of order 1/2 defined as
2 © x1/2
¥ = dx 4.8
()= Trewa e (48)

The E¢, Ey are the conduction and valance band edges. N¢, Ny are the effective density of

states of electrons in the conduction band and holes in the valance band. The ionized acceptor
and donor concentrations N, N, are obtained from total acceptor and donor concentrations

N4, Np by
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NA

Ny= V +V —E,lq—E,/ (49)
1+4-exp(— PP VV K q]
T
Np = E /NDV vV _E | (4.10)
T

where E,, E, are the ionization energies of the acceptors and donors, respectively. The
Shockley-Read-Hall recombination rate is given by

l’lp—nlz
z-pO(n—'_ni)—i_z-no(p_'_pi)

SRH
R =

(4.11)

where n; is the intrinsic carrier concentration and ¢

a0 Ty are the carrier lifetime for

electrons and holes, respectively.

4.2.3 Treatment of the boundary conditions

There are two boundaries for the simplified cladding layer structure as shown in Figure 4.1
part (c). The first is an p-contact for hole injection and we model it as an ideal Ohmic contact
where charge neutrality and thermal equilibrium are assumed. This is a Dirichet boundary
condition for the differential equations. The second boundary is the cladding/active layer
interface. The importance of the heterojunction transport over this interface on the
differential resistances and the ideality factors has been demonstrated in Chapter 3. In the

semi-analytical model, only the majority carrier (and therefore the corresponding quasi-
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Fermi level) in the cladding layer needs to be considered, while in this numerical model, both
carrier distributions and quasi-Fermi levels will be calculated self-consistently.

Within the cladding layer, there are three independent variables {V,,, V5, V,}. In the active
layer, V, and V), with respect to their thermal equilibrium values are known if the
recombination currents are given. However, the V,, is unknown and it cannot be predicted
solely from the active material model. Therefore, the boundary condition for the drift-
diffusion equations is not explicit. Nevertheless, there are three independent equations that
can be used as the boundary conditions for this interface and they will be explained as
follows.

First, the thermionic emission current of holes at the boundary can be written as:

* AEP)
m _
J;EZCI' DUy =Py Uy fl e T (4.12)
m,

where the subscript 1 means p-cladding layer boundary and 2 means the active layer
boundary.

The same hole current within the cladding layer is governed by the drift-diffusion equation
(4.5). Therefore, at the boundary the drift-diffusion current can be set equal to the thermionic

emission current:
TE _ 7DD
J, =J, (4.13)
Similarly, for the minority carrier current at the boundary, the thermionic current is given

by:
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* AEL)
J=q nz'Unz'Em_ZlJ'e -, (4.14)

mn2

Equating this to the drift-diffusion current and we get
JIE=Jr (4.15)
In addition to these two equations, we assume that the majority carrier current density right

at the boundary is another input parameter:
J, =J (input) (4.16)

When most of the injected holes recombine in the active region without leaking into the n-
cladding layer, the boundary hole current can be assumed equal to the recombination current
in the active layer. The justification for this assumption is that holes typically have a large
effective mass, a large density of states, and as such, the thermionic emission of holes over
the barrier of a typical valance band discontinuity will be negligible.

To conclude, with the assumption of flat-band in the active region, a structure with only a
cladding layer next to an active region becomes numerically solvable. A mixed boundary
condition is used for the heterojunction interface to solve the drift-diffusion equations in the
cladding layer. Self-consistency is reached when the above three equations (4.13), (4.15) and

(4.16) along with the main drift-diffusion equations (4.1), (4.2) and (4.3) are all satisfied.

4.2.4 Numerical methods

A program has been written in the MATLAB script to implement the simulation of the

device structure described above. Parameters such as the geometry, material and the doping

125



of the cladding layer and the active layer are stored in files and they are loaded upon
simulation.

To solve the system of nonlinear equations, each equation is first converted to a set of finite
difference equations at all the spatially discretized mesh points. The classical Scharfetter-
Gummel scheme [102] is used for the discretization.

Then the coupled partial differential equations are solved in a decoupled iteration loop [97,
99], or the Gummel iteration scheme [103]. We first assume that the ¥, and V), values at all
the mesh points are known and solve the Poisson equation for V,, then the ¥, are solved with
the electron continuity equation assuming V,, and ¥, are known numbers. Finally the V), can
be obtained in the same method with the hole continuity equation. Within each loop, a
discretized equation is solved using Newton-like method [98, 100, 104-110, 112-120]. After
all the three equations are solved separately, the program goes back to first equation for the
next iteration loop. It will stop when the difference of the values between each loop falls

below the desired error.

4.3 Simulation Results

In this section, simulations of electrical characteristics of a p-cladding layer next to an active
region with the numerical model described in the previous section are presented. For the
cladding layer, unlike the semi-analytical model in which only the resistance from the
heterojunction transport is considered, in the numerical model, the bulk series resistance of

the layer, the SRH recombination within the layer and the over-barrier minority carrier
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leakage currents are added and their effects on the differential resistance are presented. The
same recombination model as in the semi-analytical model is used for the active region, i.e.

the active layer is still neutral while “leaky” in the numerical model.

4.3.1 Simulation parameters

A structure of a p-cladding layer next to an active layer is constructed and the geometry is
listed in Table 4.1. Unless mentioned otherwise, the electron, hole and lattice temperatures of
the device are consider the same with a value of 300K. The active region and the cladding
layer parameters are listed in Table 4.2 and Table 4.3 respectively. The bandgap energy
difference between the two layers AE, is 0.375¢V and the default value of the band offset

ratio AE-/AEy is 60:40.

Table 4.1: Device geometry of the ideal double heterostructure laser used in the simulation.

Name Value Unit
p-Cladding layer thickness 1.0 pm
Active layer thickness 0.15 pm
Active layer area 300x10 um’
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Table 4.2: Active layer parameters used in the simulation.

Parameter Symbol Value/Unit
Bandgap E, 1.42 eV
Electron effective mass m’, 0.067m,
Hole effective mass m', 0.48 m,
Conduction band effective density of states N¢ 4.42x10"7 em™
Valance band effective density of states Ny 8.47x10' em™
Acceptor concentration Ny 0
Donor concentration Np 0
Transparency concentration Ny 1.8x10" cm™
Saturation density of electron concentration Ry 2.2x10" em?
Saturation value of quasi-Fermi level splitting Vs 1.4742'V
Differential gain a 9.3x10"" cm’/m
Nonradiative recombination coefficient A 1x107 57!
Bimolecular recombination coefficient B 0.8x10" cm’/s
Auger recombination coefficient C 1x107° em/s
Table 4.3: Cladding region parameters used in the simulation.
Parameter Symbol Value/Unit
Bandgap E, 1.798 eV
Electron effective mass m’, 0.086m,
Hole effective mass m', 0.52 m,
Conduction band effective density of states N¢ 6.42x10" em™
Valance band effective density of states Ny 9.65x10' em™
Acceptor concentration Ny 1x10" em™
Donor concentration Np 0
Acceptor ionization energy Ea 60 meV
Donor ionization energy Ep 5.8 meV
Permittivity € 12.24 ¢
Electron lattice mobility Mo 2260 cm’/V-s
Hole lattice mobility Uy 185 cm?/V's
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Figure 4.3: Numerical simulation results of current-voltage characteristics of the p-side structure. The results
from the semi-analytical model are plotted for comparison.
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Figure 4.4: Current components as function of total current with the default parameters.
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Figure 4.5: The differential resistances from terminal, junction and cladding layer as function of total current
with the default parameters. The rapid change in dV/dJ corresponds to the laser threshold.

4.3.2 The electrical characteristics with the default parameters

A. The current-voltage characteristics

With the parameters given as above, the calculated J-V characteristics of the p-side structure
are shown in Figure 4.3. The calculations from the semi-analytical model are also plotted.
Both models use the same active region model, i.e. the junction voltage will saturate after
threshold current of about 1000A/cm®. From Figure 4.3, it can be seen that the inclusion of
the cladding layer body resistance slightly increases the cladding layer voltage drop and
therefore the terminal voltage. However, the active region junction voltages as functions of

total currents from the two models are almost equal to each other. With the inclusion of

leakage current, in the active region for the semi-analytical model,
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J,

total —

J

recombination (4 1 7)
while for the numerical model,

J,

total — Jrecombination + Jleakage (4 1 8)
If the leakage is significant, there will be an offset in the J,,,; axis for the junction voltage.

In Figure 4.3, the difference cannot be noticed and therefore with those simulation

parameters, the leakage currents are actually negligible.

B. The current components

The individual current components including the spontaneous emission, the monomolecular
and the Auger recombination, the stimulated emission and the leakage currents as functions
of the total current are plotted in Figure 4.4.

From Figure 4.4, it can be seen that the recombination corresponding to the A/B/C
coefficients as well as the leakage current are almost saturated after threshold, while the
stimulated emission current increases linearly with total current. Again it can be seen that the
leakage current is not significant with the given material parameters. At the lasing threshold,
most of the injected carriers go into the spontaneous recombination (about 90.6%) and only

1.2% of the total currents leak into the p-cladding layer.

C. The differential resistances

The simulated differential resistances of the p-cladding layer next to an ideal junction are

plotted in Figure 4.5. The results from the semi-analytical model are also plotted. Compared
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with the semi-analytical model, the inclusion of the cladding layer body resistance in the
numerical simulation obviously moves the curves upwards. Ideally the difference between
the two sets of differential resistances would be the body resistance determined by the Ohm’s
law. This value is estimated as follows.

The body resistance of the cladding layer R, is

L 1 L
A S 4.19
y y (4.19)

q-u,-p

R =

1
c0 —
(o2

where o is the conductivity, L is the cladding layer length, 4 is the cladding layer area, p is
the activated hole concentration and y, is the hole mobility. The derivative of the cladding
layer Ohmic voltage drop is then

dVe
dJ

=R, A=—L=———L (4.20)

1
o q-H, P

At thermal equilibrium and the parameters as given previously, the activated hole
concentration is 3.8x10""cm™ in the cladding layer, ,up=1850m2/V-s and L=1um, the
differential resistance from the bulk resistance is calculated to be 8.9x10°Q-cm™.

From Figure 4.5, after lasing threshold, the difference between the differential resistances
from the numerical model and the semi-analytical model is about 9.0x10°Q-cm™, which is
close to this value. However, it is not linear and the nonlinearity is more significant before
the lasing threshold. It changes from about 8.4x10°Q-cm™ to about 8.7x10°Q-cm™. The
smaller but increasing differential resistance might come from the existence of the depletion

region around the heterojunction boundary. Nevertheless, the overflowed minority carriers
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are expected to increase the conductivity of the cladding layer and therefore the resistance of

this layer is expected to be smaller than that from hole only conduction.

4.3.3 The over-barrier leakage currents

A. The effects of band alignment on the carrier leakage

The default band offset ratio AEc/AEy is 60:40 with a band gap difference AE, 0.375eV. This
ratio is artificially changed with other parameters remaining intact in order to see its effect on
the leakage current. Simulation results of leakage currents as function total injection current
with band offset ratios of 80:20, 60:40, 40:60 and 20:80 are plotted in Figure 4.6. The ratios
correspond to conduction band discontinuities of 11.6, 8.7, 5.8 and 2.9 times the thermal
energy ¢-Vr (25.85meV at room temperature) respectively.

Below laser threshold, it can be seen that the component of leakage current increase rapidly
as the conduction band discontinuity decreases. This is not surprising as the carriers in the
active region that are free to move to the cladding layer are those high-energy electrons who
can overcome the barrier AEc. If the Boltzmann distribution applies, this part of electron
density will be proportional to exp(—AE./q-V;). When the conduction band discontinuity is
big enough compared to the thermal energy ¢-V7, the leakage current is negligible. With a
small conduction band discontinuity, the leakage current component becomes significant
with respect to the total device terminal current, which also increases the threshold current

value.
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After lasing threshold, it is observed that the leakage current still increases with the total
current, however with a smaller slope than that before threshold. With smaller leakage, the
after-threshold slope is smaller and vice versa. From Figure 4.6, when the blocking layer is
effective with enough barrier height (AEc/AEy of 60:40 and 80:20), the leakage currents are
small and barely increase after threshold.

From Figure 4.6, it can also be seen that the leakage with AE¢/AEy of 60:40 is small while
the one with AEc/AEy=40:60 is fairly strong. The current components as function of total
current are plotted in Figure 4.7. In the following simulations, structures with these two band

offset ratios will be used to represent “insignificant” and “significant” leakage respectively.

B. The effects of doping concentration on the over-barrier leakage

It has been noticed that a low doping concentration in the cladding layers will increase the
leakage current [51, 87, 94]. The leakage currents of the device structure with
AE¢/AEy=40:60, 60:40 and acceptor dopant concentrations of 10'7, 10" and 10" are plotted
as functions of terminal current in Figure 4.8.

It can be seen that the leakage current increases with decreasing dopant concentration, and
it is more significant at lower doping concentrations. Within the cladding layer, the carrier
transport is mainly determined by the drift-diffusion process in the numerical model. The
effect from the doping concentration can be explained by the drift component. With the same

majority carrier current density J = o - E in the neutral region of the cladding layer, smaller
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doping will result in a higher electric field within this region, which in turn increases the
minority carrier current or the leakage.

Although the drift conduction in the cladding layer does not have the same huge impact on
the amplitude of the leakage current with the given parameters as does the barrier height, it
does create an easily detectable influence. In Figure 4.8, the leakage currents at threshold
corresponding to different doping concentrations have differences of about 10% to 20% for

both band alignments.

C. The effects of cladding layer thickness on the over-barrier leakage

With the drift-diffusion process in the cladding layer, the thickness of the cladding layers are
also expected to have impacts on the leakage currents through diffusion currents. When the
confinement layer is thin, the diffusion component of the leakage current will be strong. It
also reduces the confinement effects on the optical field and increases free carrier absorption
and therefore the loss for the lasing mode. Thicker cladding layers will reduce the diffusion
currents but increase the body resistance and also the Joule heating. Simulation results of the
leakage currents with cladding layer lengths of 0.5um, 1.0um and 5.0um are shown in Figure
4.9 for the band offset ratio of 60:40 and 40:60. It can be seen that the cladding layer length
has only minor impact on the amplitude of the leakage currents. The optimization of the
thickness may be focused more on the effects from Joule heating, optical confinement,

dopant diffusion problem and etc.
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D. The effect of nonradiative recombination lifetime on the over-barrier leakage

The nonradiative recombination lifetime of either the active layer or the cladding layer will
decrease with higher defect density (from crystal growth or aging). Simulation is performed
assuming the monomolecular recombination coefficient in the active region is ten times the
default value and the results are plotted in Figure 4.10. The shorter monomolecular lifetime
in the active layer increases the amount of nonradiative recombination current and therefore
the threshold current. Compared with that from the default parameters, the leakage current at
threshold only increases a small amount due to higher total current and thus the electrical
field in the cladding layer.

When the nonradiative lifetime is shorter in the cladding layer instead of the active layer, it
has stronger effect on the leakage current. Simulation results with different SRH
recombination lifetimes and band offset ratio AEc/AEy=60:40 and 40:60 are plotted in Figure
4.11. It can be seen that with both alignments and other parameters, an order of magnitude

change in the life time can change the leakage current about 25 percent.
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Figure 4.6: The leakage currents with different band offsets as the function of total current. Inset: the curve
with AEc=AE,*20% at high currents. Note the slopes are reduced at laser thresholds.
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Figure 4.7: Current components with AE-/AEy =40:60. Note the component of leakage is much stronger than
that with the default parameters.
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Figure 4.8: The leakage currents with different doping concentrations as the function of total injection currents.
(a) AEC/AEy =60:40. (b) AEc/AEy =40:60. Note the vertical scales and the threshold values are different due to
the leakage currents.
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Figure 4.10: Monomolecular recombination coefficient of the active region is increased to 10 times the default
value. (a) Current components as function of total current. (b) The leakage currents with the two coefficients.
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4.3.4 The effect of leakage on the differential resistance
A. Simulation of differential resistances with different band alignments

The differential resistances with different band offset ratio are plotted in Figure 4.12. When
the leakage is not significant at threshold compared to the total current, the result is similar to
that from Chapter 3 with the semi-analytical model, i.e. the dV/dJ from the terminals tends to
be higher with smaller barrier height, accompanied by a plateau or decreasing trend after
lasing threshold.

When the leakage becomes important, there are some new features revealed with the
numerical model compared to the simple semi-analytical model. First, the threshold current

J

recombination

+J in this model. For a band

increases with leakage current as J, leakage

total —
alignment with the band offset ratio AEc/AEy =20:80, the threshold current density is
increased from the junction value of 1000 A/cm” to the terminal value of about 5000 A/cm?
as shown in the inset of Figure 4.12.

Second, the large amount of minority carriers will cause the “conductivity modulation”
effect and reduce the differential resistance of the cladding layer. This can be seen in Figure
4.12 comparing the dV/dJ curves between that with a AE¢/AEy ratio of 20:80 and 40:60.

Third, the kink polarity at the lasing threshold can reverse, i.e. the direction of the
differential kink is normally downwards, but it can become upwards when the over-barrier
leakage current is significant. The semi-analytical model in Chapter 3 suggests that when the
interaction between the cladding layer and the active region through thermionic emission is

weak, the differential resistance kink at lasing threshold will diminish and the terminal
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current-voltage relationship is mainly determined by the cladding layer instead of the active
layer. With the inclusion of the leakage current,

AV AV

ext — ext (4.2 1 )
A‘]total A‘] + A‘]

recombination leakage

before and after threshold, the AV and the AJ,ccompinaiion d0 not change a lot while the AJjeakqage
may become much smaller because the slope of the Jiurage 1s reduced after threshold as
shown in Figure 4.5. As a result, the differential resistance can increase at lasing threshold.
Therefore, the kink polarity is affected by the leakage current as well as the strength of
interaction between the cladding layer and the active region. When the interaction is weak
and the leakage is strong, it is possible to observe an upward kink in the differential
resistance at lasing threshold. When the band alignment is changed by decreasing the
AE¢/AEy ratio in the simulation, this creates more leakage current and reduces the interaction
between the two regions simultaneously, which facilitates the observing of a positive kink in
the differential resistances using numerical simulation. With real devices made from certain
material systems, arbitrarily changing this AE-/AEy ratio is unlikely, and it can only be

changed under extreme conditions such as unusual temperatures or hydrostatic pressure.
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Figure 4.12: The calculated differential resistances with different band offset ratio as the function of total
injection currents. Inset: rescaled figure to show the threshold and kink with AEc=AE,*20%.

B. Simulation of the temperature effects on the differential resistances

One method to change the leakage current and the strength of the interaction between the
cladding layer and the active layer at the same time is to modify the operation temperature of
a given device. In contrast to artificially changing the band offset ratio where the two factors
are adjusted in an opposite direction, modifying the temperature will change the factors in the
same direction, i.e. either increase or decrease both the strength of interaction and the leakage
current at the same time. This suggests an experimental method for verifying the theoretical

results.
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When the device lattice temperature is changed, many parameters such as the bandgap of
both layers, carrier mobilities, the gain medium properties or even the band alignment
between layers will be affected. However, these parameters do not change dramatically, so
for simplicity, the simulation considers mainly the temperature dependency of the carrier
distribution function.

The simulated differential resistances with different temperatures and the band offset ratios
of AE¢/AEy=60:40 and 40:60 are plotted in Figure 4.13. It can be seen that with the given
parameters at lower temperature, the kink height at threshold tends to become smaller and
eventually disappear for both alignments. However, when the temperature is increased, the
kinks with smaller leakage will become more downward, and kinks with higher leakage will

become more upward.
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Figure 4.13: The calculated differential resistances at different temperatures as a function of total current. (a)
AEc/AEy =60:40. (b) AEc/AEy =40:60. Note when the temperature is increased, the kinks with smaller leakage
will become more downward, and kinks with higher leakage will become more upward.
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C. Low temperature experimental data

As mentioned above, the differential resistance kink polarity at lasing threshold is determined
by the leakage and the interaction between the layers defining the heterojunction through
thermionic emission. Most practical laser diodes at room temperature will have downward
kinks as the leakage should be quite small. From previous analysis, for those devices at low
temperature, the kinks at lasing threshold may either disappear or become upwards
depending on the leakage currents. To observe this effect, we measured some laser diodes
over a range of low temperatures.

The laser diode is model #D650-5 manufactured by NVG, Inc. It is an index guided MQW
structure laser with lasing wavelength of about 650nm and output power of SmW. The diode
is installed in a test fixture inside a Dewar and cooled by nitrogen gas. The temperature is
measured by a thermocouple placed close to the laser case and the emitted light is collected
by a multi-mode optical fiber. The electrical and optical measurements are done using a
custom-built derivative measurement instrument that has been described in details elsewhere
[15, 16, 17].

The measured differential resistances at different temperatures are plotted in Figure 4.14.
Around room temperature, the difference resistance has a “normal” downwards kink at lasing
threshold. When the temperature decreases, the kink height first increases slightly and then
decreases as the temperature is lowered. Around 200K the kink can barely be found and

therefore the lasing threshold can no longer be detected from a differential resistance
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measurement. When the temperature drops to even lower values, kink polarity is reversed
and upwards steps can be seen.

The lasing thresholds values are measured from the optical derivative dL/dI and they are
plotted as the function of temperature in Figure 4.15. The characteristic temperature 7 is

estimated to be about 85K at high temperatures (>270K) and 160K at low temperatures.

dv

ay _dr
dl

dl

The differential resistance kink values AR, = [ ] are plotted as the function

L, N

of temperature in Figure 4.16. The values estimated from the threshold current by

V. . . . .
AR, = m-—- with m=1 are also plotted for comparison. It can be seen that the kink heights
th

calculated from /;; are not close to the measurement values in most of the cases. The
discrepancy is not surprising because the assumptions used to derive the simple kink height
values did not include sufficient physics to account for the majority carrier injection and

minority carrier leakage.
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Figure 4.14: The measured differential resistances at different temperatures as the function of total current.
Note the lasing threshold may correspond to downwards, upwards or zero kink in the dV/dI curve.
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Figure 4.16: The measured differential resistance kink as the function of temperature.
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4.4 Summary

A self-consistent numerical model is implemented for the cladding layer of a simple double
heterostructure laser diode under high injection conditions where flat-band conditions in the
active region next to the cladding layer can be assumed. The numerical model is based on the
classical drift-diffusion formulation with mixed thermionic emission boundary conditions on
the heterojunction interface. With this model, the gain medium and the cladding layer
characteristics can be calculated separately. Important physics such as different
recombination mechanisms within both layers as well as the overflow minority carrier
leakage mechanisms are taken into account.

Properties of over-barrier leakage currents are studied with the numerical model and
important parameters affecting the leakage currents are identified. The effects of the leakage
currents on the differential resistances are simulated with the numerical model and the low
temperature experiments. It is found that there are two main factors determining the
differential kink polarity and the height at lasing threshold. The first is the strength of
interactions between the cladding layer and the active region through thermionic emission

and the second is the amount of minority carrier leakage currents at lasing threshold.
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Chapter 5

Conclusions and Future Work

5.1 Conclusions

In this work, modeling and measurement of the differential resistance and ideality factors in
heterostructure light emitting diodes and laser diodes were presented. The measurements
were done using differential resistance spectroscopy based on analog modulation and phase
sensitive detection. The modeling was performed by sequentially adding more physical
processes in order to determine which physical mechanisms are required to explain the
measured characteristics of the device.

The first stop in the modeling was to develop the relation between the ideality factors

solely from recombination currents in the device active region and the electrical derivatives.
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The ideality factor is usually considered as a constant measured from the slope of the semi-
log scaled current versus voltage (In(l)-V) plot. It can also be more directly measured from
the electrical derivatives with the series resistance being extracted at the same time. The
ideality factor associated with a single recombination current pathway with power-law
dependency on the carrier concentration was derived. It is found to have a fixed value
inversely proportional to the power factor at low bias conditions. The ideality factor is no
longer a constant at high injection level, and the values obtained from different orders of
derivative measurements on the same diode are not identical due to the current dependent
local ideality factor. Non-constant “derivative ideality factors” were introduced and they
correspond to the ideality factors obtained from the different orders of derivative
measurements. At a high injection level, the ideality factor with a single recombination
mechanism was shown to increase with current due to the significant difference between the
Boltzmann and the Fermi-Dirac distribution function in the band filling. When multiple
recombination mechanisms exist at the same time in the active region such as with the ABC
model, changes in the ideality factors can be observed when the additional recombination
paths become significant. Instead of using the traditional constant ideality factor as the key
parameter, we emphasized the variable ideality factor as an important parameter to indicate
dominant recombination path(s) in the active region and device bias condition. Ideality
factors measured from some commercial LEDs and LDs showed agreement between the
model and the real device measurements, and we proposed the use of this model for

parameter extraction and indication of device quality.
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In addition to the recombination currents in the active region of a LED or LD, the
differential resistance and ideality factor were also found to be significantly affected by the
process of majority carrier injection from the device terminals to the active region. A semi-
analytical model in which the interaction between the cladding layer and the active region is
implied in the thermionic emission boundary conditions for heterojunction interfaces was
proposed to investigate the effects of majority carrier injection. Analysis showed that the
majority carrier injection creates additional nonlinear resistance, and the nonlinearity is
accompanied by the junction properties being only partially reflected at the device terminals,
i.e. the measured differential resistances and the ideality factors at the device pins are only a
fraction of the contribution from the active region, and the remainder of the terminal
characteristics is from the cladding layers. A nonlinear fraction f; was found to be useful in
describing the external differential resistances and the ideality factors by the linear
combination of the internal components from the heterojunction transport and the active
region. The value of the f; is always between 0 and 1, and it can also be related to device
parameters and junction ideality factors, which are related to the bias level. It is nontrivial to
design a device whose derivative characteristics can be mostly measured from its terminals.

The LED model was extended to a simple laser model with the inclusion of junction quasi-
Fermi level saturation in the active region upon laser threshold. The model predicts that less
interaction between the active region and the cladding layer will result in reduced kink
heights in the differential resistances and the ideality factors at threshold. Although the
junction quasi-Fermi level splitting is saturated after threshold, a decrease in the differential

resistance and an increase in the terminal ideality factor can be observed as a result of the

154



contribution from the interaction between the cladding layer and the active region. A
reduction in the differential resistance kink height at threshold is always accompanied by the
decrease of differential resistance after threshold from this model. Experiments were
performed on LEDs and LDs at low temperature where the interaction through thermionic
emission is reduced. Results showed qualitative agreement with the proposed model in the
trends of the ideality factors and the differential resistances as a function of temperature.

To investigate the effects from minority carrier overflow in addition to the majority carrier
injection, a simplified one dimensional (1-D) self-consistent numerical model was proposed
and implemented. Properties of over-barrier leakage currents were studied with the numerical
model and important parameters affecting the leakage currents can be identified with this
simplified model. Simulations of the effects of minority carrier leakage on laser terminal
differential resistances were demonstrated and compared with experiment data. It was found
that there are two main factors determining the differential kink polarity and the height at
lasing threshold. The first is the strength of interactions between the cladding layer and the
active region through thermionic emission and the second is the amount of minority carrier
leakage currents at lasing threshold.

This work has made possible the modeling of semiconductor optoelectronic devices with
relatively simple parameters and methods. The theoretical and numerical calculations also
correlated many experimentally observed features with specific physical mechanisms. The
correlation between the electrical/optical derivative measurements and device physics was
shown to be a helpful tool for experimentalists to understand and characterize complex

devices.
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5.2 Future Work

Electrical and optical derivative measurement techniques are an old tool but relatively under-
utilized due to the lack of theoretical support. This work has provided the theoretical basis to
correlate the many features experimentally observed with specific physical mechanisms. The
success of this work provides encouragement that additional physical mechanisms could be
included to extend the applicability of the modeling to more complex devices. Mechanisms
that could be included in the analytical model include: the simple “recombination model” for
the active region with lower dimensions (2-D and 1-D, e.g. quantum wells and quantum dots);
a simple model for current spreading effects; the tunneling effect at heterojunction
boundaries; the phenomenological carrier capture/escape model with quantum well devices,
and; other conduction mechanism such as the space-charge-limited (SCL) conduction in
devices. Mechanisms that could be included in the numerical model include more
sophisticated calculations of recombination in the active region; carrier transport with
multiple sub-bands; piezoelectric field effects at heterointerfaces, and; the electrical and
optical spatial non-uniformity effects. It is the hope of this author that this approach will
enable the experimentalists to understand and characterize complex devices with relatively

simple methods.

156



REFERENCES

[1] Z. 1. Alferov, “Nobel Lecture: The double heterostructure concept and its applications
in physics, electronics, and technology,” Rev. Mod. Phys., vol. 73, pp. 767-782, 2001.

[2] T.L. Paoli and J.F. Svacek, “Derivative measurement by frequency mixing,” Rev. Sci.
Instrum., vol. 47, pp. 1016-1019, 1976.

[3] R.W. Dixon, “Constant modulation index technique for measuring the derivatives of
device parameters,” United States Patent, #4062632 (Appl.#698185), 1977.

[4] P.A.Barnes and T.L. Paoli, “Derivative measurements of the current-voltage
characteristics of double-heterostructure injection lasers,” IEEE J. Quantum Electron.,
vol. QE-12, pp. 633-639, 1976.

[5] Jurgen H. Werner, “Schottky barrier and pn-junction I/V plots -Small signal
evaluation,” Appl. Phys. A, vol. 47, pp. 291-300, 1988.

[6] S.K.Cheung, N.W. Cheung, “Extraction of Schottky diode parameters from forward
current-voltage characteristics,” Appl. Phys. Lett., vol. 49, pp. 85-87, 1986.

[7] Mikhelashvili V, Eisenstein G, Garber V, Fainleib S, Bahir G, Ritter D, Orenstein M,
Peer A, “On the extraction of linear and nonlinear physical parameters in nonideal
diodes,” J. Appl. Phys., vol. 85, pp. 6873-6883, 1999.

[8] J.I. Lee, J. Brini and C.A. Dimitriadis, “Simple parameter extraction method for non-
ideal Schottky barrier diodes,” Electron. Lett., vol. 34, pp. 1268-1269, 1998.

[9] P.G. Eliseev, A. I. Krasil’nkov, M. A. Man’ko, and V. P. Strakhov, * Investigation of
DC injection lasers,” in Physics of p-n Junctions and Semiconductor Devices, edited by
S. M. Ryvkin and Yu. V. Shmartsev, New York: Plenum, 1971, pp. 150-159.

[10] Vu Van Luc, P. G. Eliseev, M. A. Manko, G. T. Mikaelian, O. G. Okhotnikov,
“Voltage Saturation Across the Injection Contact in a Laser Diode and the Phenomenon
of Negative Photo-EMF,” Proc. Lebedev Phys. Inst., Ed. N. G. Basov, Nova Sci.,
Commack, N. Y., vol. 166, pp. 236-276, 1986.

[11] T.L. Paoli, “Saturation of the junction voltage in stripe-geometry (AlGa)As double
heterostructure junction lasers,” Appl. Phys. Lett., vol. 28, pp. 714-716, 1976.

[12] T.L. Paoli, “Determination of the lasing threshold in stripe-geometry double-
heterostructure junction lasers,” Appl. Phys. Lett., vol. 29, pp. 673-675, 1976.

157



[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

W.R. Patterson and J. Schewchun, “Alternate Approach to the Resolution of Tunneling
Current Structure by Differentiation,” Rev. Sci. Instrum., vol. 35, pp. 1704-1707, 1964.

M. Bao and K. L. Wang, “Accurately Measuring Current—Voltage Characteristics of
Tunnel Diodes,” IEEE J. Quantum Electron., vol. 53, pp. 2564-2568, 2006.

B. M. Stanton, “Characterization of Vertical Cavity Surface Emitting Lasers with
Electrical and Optical Derivative Spectroscopy,” Thesis (M.S.), North Carolina State
University, 2003.

S. Lakkarsu, “Correlation of electrical and optical derivatives in semiconductor lasers
using a novel current modulation technique,” Thesis (M.S.), North Carolina State
University, 2005.

H. Mi, “Electrical and Optical Characteristics of Semiconductor Lasers Using
Differential Resistance Measurements,” Thesis (M.S.), North Carolina State University,
2008.

Y. Nannichi, “On the Forward V-I Characteristics of the GaAs Laser Diode,” Jpn. J.
Appl. Phys., vol. 3, pp. 233-234, 1964.

P. G. Eliseev, J. Maege, G. Erbert, G. Beister, “Threshold drop of the differential
resistance of stripe quantum-well InGaAs-GaAlAs lasers,” Quant. Electron., vol. 25. pp.
99-101, 1995.

T. L. Paoli, “Theoretical Derivatives of the Electrical Characteristic of a Junction Laser
Operated in the Vicinity of Threshold,” IEEE J. Quantum Electron., vol. QE-14, pp.
62-68, 1978.

W.B. Joyce and R.W. Dixon, “Electrical characterization of heterostructure lasers,” J.
Appl. Phys., vol. 49, pp. 3719-3728, 1978.

P.-K. Lau and T. Makino, “Current-voltage characteristics of long wavelength
quantum-well laser diodes,” J. Appl. Phys., vol. 83, pp. 1183-1186, 1998.

P.-K. Lau and T. Makino, “Effects of p-doping and nonradiative processes on the
current-voltage characteristics of long wavelength quantum-well laser diodes,” J. Appl.
Phys., vol. 84, pp. 4087-4090, 1998.

W. Shockley, “The theory of p-n junction in semiconductors and p-n junction
transistors,” Bell Syst.Tech. J., vol. 28, pp. 435-489, 1949.

R.N. Hall, “Power rectifiers and transistors,” Proc. IRE, vol. 40, pp. 1512-1518, 1952.

158



[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

C.-T. Sah, R.N. Noyce and W. Shockley, “Carrier Generation and Recombination in P-
N Junctions and P-N Junction Characteristics,” Proc. IRE, vol.45, pp. 1228-1243, 1957.

D. J. Dumin and G. L. Pearson, “Properties of Gallium Arsenide Diodes between 4.2°
and 300°K.,” J. Appl. Phys., vol. 36, pp. 3418-3426, 1965.

M. El-Tahchi, A. Khoury, M. De Labardonnie, P. Mialhe and F. Pelanchon,
“Degradation of the diode ideality factor of silicon n-p junctions,” Solar Energy Mat. &
Solar Cells, vol. 62, pp. 393-398, 2000.

J. Pallares, L. F. Marsal, X. Correig, J. Calderer and R. Alcubilla, “Space charge
recombination in P-N junctions with a discrete and continuous trap distribution,” Solid-
State Electron., vol. 41, pp. 17-23, 1997.

M. Grundmann, “The bias dependence of the non-radiative recombination current in p-
n diodes,” Solid-State Electron., vol. 49, pp. 1446-1448, 2005.

S.M. Sze, Physics of Semiconductor Devices, 2" ed., New York: John Wiley and Sons,
1981.

R.J. Bennett, “Interpretation of Forward Bias Behavior of Schottky Barriers,” IEEE
Trans. Electron Devices, vol. ED-34, pp 935-937, 1987.

E. K. Evangelou, L. Papadimitriou, C. A. Dimitriades and G. E. Giakoumakis,
“Extraction of Schottky diode (and p-n junction) parameters from I-V characteristics,”
Solid-State Electron., vol. 36, pp. 1633-1635, 1993.

A. Ferhat-Hamida, Z. Ouennoughi, A. Hoffmann and R. Weiss, “Extraction of Schottky
diode parameters including parallel conductance using a vertical optimization method,”
Solid-State Electron., vol. 46, pp. 615-619, 2002.

A. Ortiz-Conde, Yuansheng Ma, J. Thomson, E. Santos, J. J. Liou, F. J. Garcia Sanchez,
M. Lei, J. Finol and P. Layman, “Direct extraction of semiconductor device parameters
using lateral optimization method,” Solid-State Electron., vol. 43, pp. 845-848, 1999.

H. Norde, “A modified forward |-V plot for Schottky diodes with high series
resistance,” J. Appl. Phys., vol. 50, pp. 5052-5053, 1979.

K. Sato and Y. Yasumura, “Study of forward |-V plot for Schottky diodes with high
series resistance,” J. Appl. Phys., vol. 58, pp. 3655-3657, 1985.

D. Gromov, V. Pugachevich, “Modified methods for the calculation of real Schottky-
diode parameters,” Appl. Phys. A, vol. 59, pp. 331-333, 1994.

159



[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

A.B. McLean, “Limitations to the Norde I-V plot,” Semicond. Sci. Technol., vol. 1,
ppl77-179, 1986.

C.-D. Lien, F.C.T. So and M.-A. Nicolet, “An Improved Forward |-V Method for
nonideal Schottky Diodes with High Series Resistance,” IEEE Trans. Electron Devices,
vol. ED-31, pp. 1502-1503, 1984.

A. Kaminski, J.J. Marchand, A. Laugier, “I-V methods to extract junction parameters
with special emphasis on low series resistance,” Solid-State Electron., vol. 43, pp. 741-
745, 1999.

F.J. Garcia Sanchez, A. Ortiz-Conde, J.J. Liou, “A parasitic series resistance-
independent method for device-model parameter extraction,” IEE Proc. Cir. Dev. Syst.,
Vol. 143, pp.68-70, 1996.

J.C. Ranuarez, F.J. Garcia Sanchez, and A. Ortiz-Conde, “Procedure for the
determination of diode model parameters at very low forward voltage,” Solid-State
Electron., vol. 43, pp. 2129-2133, 1999.

F.J. Garcia Sanchez, A.Ortiz-Conde, G. De Mercato, J.J. Liou, and L. Recht,
“Eliminating parasitic resistances in parameter extraction of semiconductor device
models,” Proc. of the IEEE Intl. Caracas Conf. Dev., Circuits and Syst., pp. 298-302,
1995.

A. Ortiz-Conde, F.J. Garcia Sanchez, J.J. Liou, J. Andrian, R.J. Laurence, and P.E.
Schmidt. “A generalized model for a two-terminal device and its application to
parameters extraction,” Solid-State Electron., Vol. 38, pp. 265-266, 1995.

A. Ortiz-Conde, M. Estrada, A. Cerdeira, F.J. Garcia Sanchez and G. De Mercato,
“Modeling real junctions by a series combination of two ideal diodes with parallel
resistance and its parameter extraction,” Solid-State Electron., vol. 45, pp. 223-228,
2001.

A. Ortiz-Conde, F.J. Garcia Sanchez, “Extraction of non-ideal junction model
parameters from the explicit analytic solutions of its I-V characteristics,” Solid-State
Electron., vol. 49, pp. 465-472, 2005.

A. Ortiz-Conde, F.J. Garcia Sadnchez and J. Muci, “Exact analytical solutions of the
forward non-ideal diode equation with series and shunt parasitic resistances,” Solid-
State Electron., vol. 44, pp. 1861-1864, 2000.

A. Ortiz-Conde, F.J. Garcia Sanchez, and J.J. Liou, “Extracting the Model Parameters
of Non-Ideal Junctions Based on Explicit Analytical Solutions of |-V Characteristics

160



[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

(invited),” Proceedings of the7th International Conference on Solid-State and
Integrated-Circuit Technology, Beijing, China, October 18-21, 2004.

A. Ortiz-Conde, F.J. Garcia-Sanchez, ] Muci, “New method to extract the model
parameters of solar cells from the explicit analytic solutions of their illuminated I-V
characteristics,” Solar Energy Mat & Solar Cells, vol. 90, pp. 352-361, 2006.

R. F. Kazarinov and M. R. Pinto, “Carrier Transport in Laser Heterostructures,” IEEE J.
Quantum Electron., vol. 30, pp. 49-53, 1994.

C.M. Wu and E.S. Yang, “Carrier transport across heterojunction interfaces,” Solid-
State Electron., vol. 22, pp. 241-248, 1979.

K. Horio and H. Yanai, “Numerical modeling of heterojunctions including the
thermionic emission mechanism at the heterojunction interface,” IEEE Trans. Electron
Devices, vol. ED-37, pp1093-1098, 1990.

K. Yang, J. R. East and G. 1. Haddad, “Numerical modeling of abrupt heterojunctions
using a thermionic-field emission boundary condition,” Solid-State Electron., vol. 36,
pp. 321-330, 1993.

M. Grupen, K. Hess and G. H. Song, “Simulation of transport over heterojunctions,”
Simulation of Semiconductor Devices and Processes, vol. 4, edited by W. Fichtner, D.
Aemme, pp. 303-311, 1991.

H. Hjelmgren and T.-W. Tang, “Thermionic emission in a hydrodynamic model for
heterojunction structures,” Solid-State Electron., vol. 37, pp. 1649-1657, 1994.

C. R. Crowell and S. M. Sze, “Current Transport in Metal-Semiconductor Barriers,”
Solid-State Electron., vol. 9, pp. 1035-1048, 1966.

E. H. Rhoderick and R. H. Williams, Metal-Semiconductor Contacts, 2™ ed., New
York: Oxford University Press, pp. 92-94, 1988.

M. S. Lundstrom, “Boundary conditions for pn heterojunctions,” Solid-State Electron.,
vol. 27, pp. 491-497, 1984.

M. A. Stettler and M. S. Lundstrom, “A detailed investigation of heterojunction
transport using a rigorous solution to the Boltzmann equation,” IEEE Trans. Electron
Devices, vol. 41, pp. 592-600, 1994.

G. B. Tait, C. R. Westgate, “Electron transport in rectifying semiconductor alloy ramp
heterostructures,” IEEE Trans. Electron Devices, vol. 38, pp. 1262-1270, 1991.

161



[62] H. Maeda, “Electron transport across a semiconductor heterojunction,” Jpn. J. Appl.
Phys., vol. 25, pp. 1221-1226, 1986.

[63] M. Horék, “Conservation laws and charge transport across heterojunction barriers,”
Solid-State Electron., vol. 42, pp. 269-276, 1998.

[64] D. Schroeder, “The inflow moments methods for the description of electron transport at
material interfaces,” J. Appl. Phys., vol. 72, pp. 964-970, 1992.

[65] A. A. Grinberg and S. Luryi, “Electron transmission across an interface of different
one-dimensional crystals,” Phys. Rev. B, vol. 39, pp. 7466-7475, 1989.

[66] A. A. Grinberg and S. Luryi, “On electron transport across interfaces connecting
materials with different effective masses,” IEEE Trans. Electron Devices, vol. 45, pp.
1561-1568, 1998.

[67] A. Grinberg and S. Luryi, “On the thermionic-diffusion theory of minority transport in
heterostructure bipolar transistors,” IEEE Trans. Electron Devices, vol. 40, pp. 859-866,
1993.

[68] J. Schneider, E. Koenig, U. Erben, U. Seiler, and H. Schumacher, “Thermionic
diffusion model for abrupt HBTs including self-heating inside the multilayer nonplanar
device structure,” Solid-State. Electron., vol. 39, pp. 377-384, 1996.

[69] H. C. Casey, Jr., M. B. Panish, Heterostructure lasers, New York: Academic Press,
1978.

[70] G.P. Agrawal and N. K. Dutta, Semiconductor lasers, 2™ ed., New York: Van
Nostrand Reinhold, 1993.

[71] H. Kressel, J. K. Butler, Semiconductor lasers and heterojunction LEDs, New York:
Academic Press, 1977.

[72] L.A. Coldren, S.W. Corzine, Diode lasers and photonic integrated circuits, New York:
Wiley, 1995.

[73] N. K. Dutta, “Calculated temperature dependence of threshold current of GaAs-AlxGa,.
xAs double heterostructure lasers,” J. Appl. Phys., vol. 52, pp. 70, 1981.

[74] M. Irikawa, T. Ishikawa, T. Fukushima, H. Shimizu, A. Kasukawa and K. Iga,
“Improved theory for carrier leakage and diffusion in multiquantum-well
semiconductor lasers,” Jpn. J. Appl. Phys., vol. 39, pp. 1730-1737, 2000.

[75] M. P. Aarts, E. H. Sargent, “Above-threshold Leakage in Semiconductor Lasers: An
Analytical Physical Model,” IEEE J. Quantum Electron., vol. 36, pp. 496-501, 2000.

162



[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

M. Yano, H. Imai, and M. Takusagawa, “Analysis of electrical, threshold, and
termperature characteristics of InGaAsP/InP double-heterojunction lasers,” |IEEE J.
Quantum Electron., vol. QE-17, pp. 1954-1963, 1981.

J. Diaz, 1. Eliashevich, H. Y1, X. He, M. Stanton, M. Erdtmann, L. Wang, and M.
Razeghi, “Theoretical investigation of minority carrier leakage of high-power 0.8pum
InGaAsP/InGaP/GaAs laser diodes,” Appl. Phys. Lett., vol. 65, pp. 2260-2262, 1994.

H. Page, A. T. Meney, A. R. Adams, and C. J. van der Poel, “Carrier leakage effects in
GaAsP/AlGaAs single-quantum-well lasers determined by hydrostatic pressure
measurements,” Phys. Stat. Sol. (b), vol. 211, pp. 533-538, 1999.

H. Toktamis, B. Goniil, M. Oduncuoglu, “Comparative study of the band-offset ratio of
conventionally strained and strain-compensated InGaAs/GaAs QW lasers,” Physica E,
vol. 24, pp. 183-186, 2004.

B. Goniil, F. Kocak, H. Toktamis, and M. Oduncuoglu, “Theoretical comparison of the
band alignment of conventionally strained and strain-compensated Phosphorus-
Aluminum- and Nitrogen-based 1.3um QW lasers,” Chinese J. Phys., vol. 42, pp. 764-
775, 2004.

M. Buijs, K. Shahzad, S. Flamholtz, K. Haberern, and J. Gaines, “Carrier leakage in
blue-green I1-VI semiconductor lasers,” Appl. Phys. Lett., vol. 67, pp. 1987-1989, 1995.

M.-F. Huang, M.-L. Tsai, J.-Y. Shin, Y.-L. Sun, R.-M. Yang, Y.-K. Kuo,
“Optimization of active layer structures to minimize leakage current for an AlGalnP
laser diode,” Appl. Phys. A, vol. 81, pp. 1369-1373, 2005.

G. Hatakoshi, K. Itaya, M. Ishikawa, M. Okajima, and Y. Uematsu, “Short-wavelength
InGaAlIP visible laser diodes,” IEEE J. Quantum Electron., vol. 27, pp. 1476-1482,
1991.

P. D. Floyd and D. W. Treat, “Improved performance of laterally oxidized
GalnP/AlGalnP lasers by thermal annealing,” Appl. Phys. Lett., vol. 70, pp. 2493-2495,
1997.

D. P. Bour, D. W. Treat, R. L. Thornton, R. S. Geels, and D. F. Welch, “Drift leakage
current in AlGalnP quantum-well lasers,” IEEE J. Quantum Electron., vol. 29, pp.
1337-1343, 1993.

D. V. Donetsky, G. L. Belenky, D. Z. Garbuzov, H. Lee, R. U. Martinelli, G. Tayler, S.
Luryi and J. C. Connolly, “Direct measurements of heterobarrier leakage currents and
model gain in 2.3um double QW p-substrate InGaAsSb/AlGaAsSb broad area lasers,”
Electron. Lett., vol. 35, pp. 298-299, 1999.

163



[87]

[88]

[89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

[97]

[98]

G. L. Belenky, D. V. Donesky, C. L. Reynolds, Jr., R. F. Kazarinov, G. E. Shtengel, S.
Luryi, and J. Lopata, “Temperature performance of 1.3um InGaAsP-InP lasers with
different profile of p-doping,” IEEE Photon. Technol. Lett., vol. 9, pp. 1558-1560, 1997.

L. Shterengas, R. Menna, W. Trussell, D. Donestky, G. Belenky, J. Connolly and D.
Garbuzov, “Effect of heterobarrier leakage on the performance of high-power 1.5pum
InGaAsP multiple-quantum-well lasers,” J. Appl. Phys., vol. 88, pp. 2211-2214, 2000.

L. J. P. Ketelsen and R. F. Kazarinov, “Carrier loss in InGaAsP-InP lasers grown by
hydride CVD,” IEEE J. Quantum Electron., vol. 31, pp. 811-813, 1995.

R. F. Kazarinov and G. L. Belenky, “Novel design of InGaAsP-InP lasers operating at
1.3um,” IEEE J. Quantum Electron., vol. 31, pp. 423-426, 1995.

P. A. Andrekson, R. F. Kazarinov, N. A. Olsson, T. Tanbun-Ek, and R. A. Logan,
“Effect of thermionic electron emission from the active layer on the international
quantum efficiency of InGaAsP lasers operating at 1.3um,” IEEE J. Quantum Electron.,
vol. 30, pp. 219-221, 1994.

S. Yamakoshi, T. Sanada, O. Wada, I. Umebu, and T. Sakurai, “Direct observation of
electron leakage in InGaAsP/InP double heterostructure,” Appl. Phys. Lett., vol. 40, pp.
144-146, 1982.

S. A. Wood, P.M. Smowton, C. H. Molloy, P. Blood, D. J. Someford, and C. C. Button,
“Direct monitoring of thermally activated leakage current in AlGalnP laser diodes,”
Appl. Phys. Lett., vol. 74, pp. 2540-2542, 1999.

S. A. Wood, C. H. Molloy, P.M. Smowton, P. Blood, and C. C. Button, “Minority
carrier effects in GalnP laser diodes,” IEEE J. Quantum Electron., vol. 36, pp. 742-750,
2000.

H.-H. Chuang, J.R. Biard, J. Guenter, R. Johnson, G.A. Evans and J.K. Butler, “An
Iterative Model for the Steady-State Current Distribution in Oxide-Confined VCSELs,”
IEEE J. Quantum Electron., vol. 43, pp. 1028-1040, 2007.

W. Hiansch, The Drift Diffusion Equation and Its Application in MOSFET Modeling.
New York: Springer-Verlag, 1991.

I. D. Mayergoyz, “Solution of the nonlinear Poisson equation of semiconductor
theory,” J. Appl. Phys., vol. 59, pp. 195-199, 1986.

C. E. Korman and I. D. Mayergoyz, “A global convergent algorithm for the solution of

the steady-state semiconductor device equations,” J. Appl. Phys., vol. 68, pp. 1324-
1334, 1990.

164



[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

J. W. Slotboom, “Iterative scheme for 1- and 2- dimensional D.C.-transistor
simulation,” Electron. Lett., vol. 5, pp. 677-678, 1969.

J. W. Slotboom, “Computer-Aided Two-Dimensional Analysis of Bipolar
Transistors,” IEEE Trans. Electron Devices, vol. ED-20, pp. 669-679, 1973.

A. De Mari, “An accurate numerical steady-state one-dimensional solution of the p-n
junction,” Solid-State Electron., vol. 11, pp. 33-58, 1968.

D. L. Scharfetter and H. K. Gummel, “Large-signal analysis of a silicon read diode
oscillator,” IEEE Trans. Electron Devices, vol. ED-16, pp. 64-77, 1969.

H. K. Gummel, “A self-consistent iterative scheme for one-dimensional steady state
transistor calculations,” IEEE Trans. Electron Devices, vol. ED-11, pp. 455465,
1964.

J.-F. Dai, C.-C. Chang, J.-W. Lee, S.-J. Li, Y.-T. Tsai, “Simplified equivalent-circuit
modelling for decoupled and partial decoupled methods in semiconductor device
simulation,” Int. J. Numer. Model., vol. 17, pp. 421-432, 2004.

E. M. Buturla and P. E. Cottrell, “Simulation of semiconductor transport using
coupled and decoupled solution techniques,” Solid-State Electron., vol. 23, pp. 331-
334, 1980.

M. S. Lundstrom, R. J. Schuelke, “Numerical analysis of heterostructure
semiconductor devices,” IEEE Trans. Electron Devices, vol. ED-30, pp. 1151-1159,
1983.

K.-W. Chai, Z.-M. Li, S. P. McAlister, J. G. Simmons, “Numerical Drift-Diffusion
simulation of Auger hot electron transport in InGaAsP/InP double heterojunction
laser diodes,” Int. J. Numer. Model., vol. 7, pp. 267-281, 1994.

Z.-M. Li, K. M. Dzurko, and S. P. McAlister, “Two-dimensional modeling of
quantum-well semiconductor lasers,” COMPEL, vol. 10, pp. 255-268, 1992.

P. M. Mensz, “Electrical and optical modeling of II-VI semiconductor diode lasers,” J.
Crystal Growth, vol. 138, pp. 697-702, 1994.

G. H. Song, K. Hess, T. Kerkhoven, U. Ravaioli, “Two-dimensional simulation of
quantum-well lasers,” Eur. Trans.Telecommun. Relat. Technol., vol. 1, pp. 375-381,
1990.

M. Grupen and K. Hess, “Simulation of carrier transport and nonlinearities in
quantum-well laser diodes,” IEEE J. Quantum Electron., vol. 34, pp. 120-140, 1998.

165



[112]

[113]

[114]

[115]

[116]

[117]

[118]

[119]

[120]

L. L. Liou, C. I. Huang and J. Ebel, “Numerical studies of thermal effects on
heterojunction bipolar transistor current-voltage characteristics using one-dimensional
simulation,” Solid-State Electron., vol. 35, pp. 579-585, 1992.

W. Fichtner and D. J. Rose, “On the numerical solution of nonlinear elliptic PDEs
arising from semiconductor device modeling,” Elliptic Problem Solvers, 1980.

W. Fichtner, D. J. Rose, and R. E. Bank, “Semiconductor Device Simulation,” IEEE
Trans. Electron Devices, vol. ED-30, pp. 1018-1030, 1983.

R. E. Bank, D. J. Rose, and W. Fichtner, “Numerical Methods for Semiconductor
Device Simulation,” IEEE Trans. Electron Devices, vol. ED-30, pp. 1031-1041, 1983.

J. M. Ortega, W. C. Rheinboldt, Iterative solution of nonlinear equations in several
variables. New York: Academic Press, 1980.

R.E. Bank and D.J. Rose, “Global Approximate Newton Methods,” Numer. Math.,
vol. 37, pp. 279-295, 1981.

J. E. Dennis, Jr. and J. J. Mor¢, “Quasi-Newton Methods, Motivation and Theory,”
SIAM Review, vol. 19, pp. 46-89, 1977.

A. H. Sherman, “On Newton-Iterative Methods for the Solution of System of
Nonlinear Equations,” SIAM J. Numer. Anal., vol. 15, pp. 755-771, 1978.

J. E. Sutherland and J. R. Hauser, “A computer analysis of heterojunction and graded

composition solar cells,” IEEE Trans. Electron Devices, vol. ED-24, pp. 373-372,
1977.

166





