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ABSTRACT—From a hydrodynamic device simulation for
the pseudomorphic high electron mobility transistors
(PHEMTS), we observe an increase of maximum extrinsic

transconductance and a decrease of source-drain capacitances.

This gives rise to an enhancement of the switching speed and
isolation characteristics as the upper-to-lower planar-doping
ratios (UTLPDR) increase. On the basis of simulation results,
we fabricate single-pole-double-throw  transmitter/receiver
monolithic microwave integrated circuit (MMIC) switches with
the pHEMTS of two different UTLPDRs (4:1 and 1:2). The
MMIC switch with a 4:1 UTLPDR shows about 2.9 dB higher
isolation and approximately 2.5 times faster switching speed
than those with a 1:2 UTLPDR.

Keywords—pHEMT,  hydrodynamic device simulation,
upper-to-lower planar-doping ratio, SPDT MMIC switch,
isolation, switching speed.

1. Introduction

As modern digital systems become highly sophisticated,
switches are emerging as key elements significantly
determining the overall terminal performance [1]. Methods to
improve or optimize the characteristics of the switch ICs can be
categorized into two types. One type deals with the circuit
configurations, and the other manipulates the core devices,
such as pseudomorphic high electron mobility transistors
(pHEMTS). There is a limitation in improving the performance
of the switch ICs only by dealing with the circuit configuration.
Therefore, it is essential to perform analytic research especially
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on the pHEMT epitaxial-layer design to enhance the transistor-
level switching performance.

In this study, we examine the effects of the doping
concentration ratio between the upper and lower planar-doping
layers on the electrical characteristics of the double planar-
doped pHEMTs for switching applications. Hydrodynamic
simulations were first performed, and two types of pHEMT
doping structures were then selected for a comparative study.
Using the pHEMT structures of two different doping ratios,
we fabricated single-pole-double-throw (SPDT) transmitter
/receiver (Tx/Rx) monolithic microwave integrated circuit

(MMIC) switches.

II. Optimization of the Epitaxial Layer Structure

To examine the pHEMT characteristics depending upon the
upper-to-lower planar-doping ratio (UTLPDR), we performed
the hydrodynamic model device simulations installed in ISE-
TCAD tool of Synopsys [2]. In performing the simulations, the
same conditions were maintained except the planar-doping
ratios and gate recess depths. The planar-doping ratios were
split into 8 conditions as summarized in Table 1. The epitaxial
structures used in this study were same as in [3]. The etch-stop
current in the gate recess process was controlled to achieve the
same drain saturation current (/) regardless of the UTLPDR
in the simulation. This is why the I is reciprocally
proportional to the on-state resistance (R,,) of the pHEMT
switch.

Insertion loss (IL), isolation, and switching speed are the
most important parameters determining the switching
performance of field effect transistors. The effects of the doping
ratio on these parameters can be estimated from the simulation
results. Since the Iy, was controlled to the same value above
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Table 1. Summary of various UTLPDRs used for the simulations.

No. of sample 1 2 3 4 5 6 7 8
Upper planar doping (x10'%/cm?) 1.0 1.8 275 3.7 4.1 44 45 47
Lower planar doping (x10'*/cm®) 4.5 3.7 275 1.8 1.4 1.1 1.0 0.8
Planar doping ratio (upper : lower) 1:4.5 1:2 1:1 2:1 3:1 4:1 4.5:1 6:1
300 095 Vi of 2V atany Vs and UTLPDR, the R,,, was also almost the
same regardless of the UTLPDR. The IL is directly
250 ) 030 proportional to the R, and this reveals that the IL has
\ ' Lo25 negligible dependence on the UTLPDR. Figure 1 shows the
= 2007 o joiv E calculated drain current (l) versus Vg and extrinsic
£ 150- ol 0.20 E, transconductance (g;,) characteristics at various UTLPDRs.
= ] 45 |Fo45 B Figure 2 shows the calculated electric potential in the
S 100- '§ InGaAs channel region and maximum gy, (@mmax) at various
(010 UTLPDRs. The electric potential negatively increases with the
50 L0.05 increase of UTLPDR, and this means that the electron density
in the channel and the off-state source-to-drain leakage current
04 0.00
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Fig. 2. Electric potential of the InGaAs channel region (at Vs of
-3 V and Vg4 of 0 V) and maximum g, (at V4, of 3 V and

Vgs 0f -0.25 V) versus UTLPDR.
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Fig. 3. Calculated C,, and Cyyversus UTLPDR.
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all decrease with the increase of UTLPDR. As shown in Fig. 3,
the on-state source-to-drain capacitance (C,,) and the off-state
source-to-drain capacitance (C,g) decrease with the increase of
UTLPDR. Because the isolation characteristic is enhanced
with the decrease of Cy¢ and the off-state leakage current, a
superior isolation characteristic can be expected from the
HEMT structure of a higher UTLPDR [4], [5].

Switching speed depends on both g, and CR-time, where
the CR-time is defined as a product of junction capacitance and
series resistance [6]. As previously mentioned, channel
resistance is not a function of UTLPDR. This means the gate
capacitance alone will determine the CR-time.

Figure 3 shows that both C,, and Cyr decrease with the
increase of UTLPDR; therefore, the CR-time is reduced with
the increase of UTLPDR. As shown in Fig. 2, a higher
maximum g, (Zmmax) also contributes to enhanced switching
speed at a higher UTLPDR. Note that g max, Con, and Cog are
all saturated above a UTLPDR of 4:1 as shown in Figs. 2 and 3.
Therefore, the upper planar-doping concentration should be at
least four times greater than the lower planar-doping
concentration for a high performance pHEMT switch in terms
of switching speed and isolation.

II1. Characteristics of SPDT Tx/Rx MMIC Switches

Based on the simulation results, two types of pHEMTs
(UTLPDRs of 4:1 and 1:2) were selected to fabricate the
MMIC switches. The measured DC characteristics and
extracted C,, and Cyg from the fabricated pHEMTs were in
good agreement with the calculations. The 0.5 pm GaAs
process of ETRI [3], [7] was used to fabricate the SPDT Tx/Rx
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Fig. 4. Measured IL and isolation characteristics for two types of

SPDT MMIC switches.

Table 2. Comparison of electrical characteristics of SPDT MMIC
stitches based on the pHEMT at 2.4 GHz

Company Insertion loss (dB) Isolation (dB)
M/A-COM -0.65 -25
SkyWorks -0.55 223
TriQuint -0.60 -28
This work -0.58 -40.2
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Fig. 5. Measured falling times for two types of SPDT MMIC
switches.

MMIC switches. For the circuit design of the SPDT MMIC
switches, we used a switch transistor with a 400 pum gate
periphery for each path and a shunt-series circuit configuration
that is widely used in 2.4 GHz and 5.8 GHz wireless local area
network system applications.

As shown in Fig. 4, the MMIC switch of a 4:1 UTLPDR
showed about 2.9 dB higher isolation than that of a 1:2
UTLPDR over the entire measurement frequency range of
2 GHz to 6 GHz, while there was only about 0.2 dB difference
in IL. This performance enhancement in terms of isolation
showed good agreement with the prediction given by the
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device simulation. As shown in Table 2, the measured IL and
isolation characteristics with a UTLPDR of 4:1 were
comparable or even superior to those of commercial chips. We
measured the switching speeds at 2.4 GHz by applying a
100 kHz 50% duty pulse signal to the gate control electrodes of
the SPDT switches. At -2/0 V control voltages, the falling times
were measured, and these are plotted in Fig. 5. These were
about 100 ns and 250 ns at 4:1 and 1:2 UTLPDRs, respectively.

The power characteristics were measured at a frequency of
2.4 GHz. The SPDT switch with UTLPDRs of 4:1 and 1:2
shows the output 1 dB compression points of 27 dBm and
25 dBm, respectively, and IP3 values of 42.2 dBm and
43.2 dBm, respectively.

IV. Conclusion

Higher isolation and switching speed were expected above a
UTLPDR of 4:1 in the hydrodynamic pHEMT simulation. The
SPDT Tx/Rx MMIC switch fabricated with pHEMTs with a
4:1 UTLPDR showed about 2.9 dB higher isolation and 2.5
times faster switching speed than with a 1:2 UTLPDR. Based
on the simulation and measurements, we propose that the
UTLPDR must be greater than 4:1 for the best switching
performance.
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