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TABLE II

LARGE-SIGNAL PERFORMANCES OF 60 pm EMITTER PERIPHERY n-p-n

AND p-n-p HBT’s AT 10 GHz

Device Operation
output Power

Power Density
Gain ~:;

Type Mode
(row] ( W/mm)

(dB)
Efflclency

npn Cw 120 2.0 6 40%

npn Pulsed 300 5.0 8 50%

pnp Cw 70 1.15 4 21%

pnp Pulsed 120 2.0 5 25%

tered in p-n-p devices. Since this resistor is on the output side of

the device, it has a significant effect on the power performance. A

reduction in this parasitic resistor is necessary for improving

power output and cari be accomplished by the use of thicker

subcollector layers and lower resistivity ohmic contacts.

IV. CONCLUSIONS

Microwave performances of n-p-n and p-n-p AIGaAs/GaAs

HBT’s with 100-nm-thick bases were compared. Although the

small-signal characteristics were found to be similar, the power

output capability of p-n-p devices was about half that obtained

from n-p-n devices. Further optimization of the p-n-p structure,

especially the subcollector layer, will probably result in devices

comparable in performance. The availability of high-performance

n-p-n and p-n-p HBT’s will make it possible to implement

complementary microwave and high-speed digital circuits.
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GaAs Power MESFET Performance Sensitivity to

Profile and Process Parameter Variations

R. J. TREW, SENIOR MEMBER, IEEE, J. B. YAN,

AND D. E. STONEKING, MEMBER, IEEE

.&iract —Large-signal performance sensitivities are calculated and

compared for power GRAS MESFET’S fabricated with uniform, ion-

implanted, and lo-hi-lo conducting channel doping profiles. The large-

signal sensitivities of the RF power and power-added efficiency are determ-

ined for the device designs as a functiou of variations iu various

process-dependent parameters. It is demonstrated tfrat the channel doping

profile design and breakdown voltage have the most significant infhtewce

upon large-signal RF performance.

I. INTRODUCTION

The rapid development of the state of the art in monolithic

microwave integrated circuits has intensified the need to develop

sophisticated CAD tools for use in circuit and device desi~n.

There is a particular need for large-signal device models capable

of describing the nonlinear characteristics of active devices at

microwave frequencies. In order to obtain the maximum benefit

from a device simulator, the device model should be capable of

describing the performance of a device before fabrication. In tlhis

manner much time, effort, and expense would be saved since

device optimization studies could be performed before the device

were actually fabricated. This consideration indicates a physics-

based model, and the need to simulate RF operation indicates

an analytic approach. Most of the large-signal device models

presented to date, however, are based upon equivalent circuit

techniques and require that the device be fabricated and chamc-

terized before the equivalent circuit is established. Since device

characterization is, at best, an inexact process [1], the accuracy of

the equivalent circuit techniques is not well established.

A physics-based, analyiic large-signal GaAs MESFET model

suitable for RF applications has recently been reported [2]. In

this paper this model is used to investigate the large-signal IRF

performance sensitivities of GaAs power MESFET’S to various

device design and process-dependent parameters. The RF perfor-

mances of power FET% with uniform, ion-implanted, and

lo-hi-lo (buried channel) doping profile designs are considered

and compared.

II. DEVICE MODEL

The device model used in this work [2] is based upon efficient

solutions to the basic semiconductor device equations. The model

solves a simplified form [of the device equations analytically in
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TABLE I

PERFORMANCE SENSITIVITIES OF UNIFORMLY DOPED CHANNEL DEVICE

Vd~ = 7 V, Id, = Id,, /2

Variable Nom,nal (P.4E)maT ‘ldB
value Sensitivity Se.sitivrtY

Gate Length (JJITI) 042 .020 -014

~hanael th,tkne,, (ILm) 030 -102 012

S.turatm. “elaaty (c*!l/s) 1 5d7 O 32 012

LOW field mobd,ty (crn2/v s) 4000 0 0s -012

n chmnml 1 0d17 -038 -010

Bm.kdown v.ltage (v) 22 00 00

Gate ,dram breakdown res,stanw (fl) ? -08 00

Gab. >ourw leakage re,,,ta.nce (Cl) 2 00 00

source R.wstar,.t? (Q) 062 -003 -001

SOUrLe ,nductanre (nHj 002 001 001

Dram remtanm (Q) 183 -007 -0 0?

Dr.,. ,nductance [“H) 005 +0 02 00

Gate resmt.”ce (n) 0573 -001 001

Ga~e ,ndu< ban, e ( ,,H) 005 -001 00

~“] -396 -112 .001

D,.,n b,m “Ok,~. [V) b 94 -011 -021

TABLE II

PERFORMANCE SENSITIVITIES OF ION-IMPLANTED PROFILE DEVICE

v., = 7 V> I.. = 1~,,/2

Variable Nmnmal (P4E)max ,,8P

value SenaiSiv2ty Sermtivity

Gate Length (p) 042 -021 -008

Channel th,d. new (km) n 35 -008 -002

S.tu,atm” Wloaty (m/s) 1 5x1O’ 05.3 002

LOW field nmbd,ty (cm’/\ s) 4000 005 001

Peak d.p,ng (rni’) 18.10” 004 003

Bw.kdown voltage (\) 194 00 00

Cat, d,.,. br,akdow m re,,. tance (Q) ?0 00 00

Cz.te .,).,,, leakage res,,lance (fl I 20 004 00

$0,,,, e ce,,,tance (!1) O 62 005 002

SOurce mductan~e (nIi) 002 00< 00

D,*,” re,,,tulce (Q) 181 -050 007

~nH] 005 004 03

GJte resl,t?..ce (a) o 57; 004 00

,;ste ,nd,, ctance ,nH) 005 004 001

[;. te b,.. voltage v) -1804 280 -080

Dram b,., ,.ltage (v) 694 -173 .028

the time domain, The device conduction and displacement cur-

rents are calculated as a function of applied terminal dc and RF

voltages. The model is suitable for both transient and RF analy-

ses. For RF investigations the time-domain device model is

interfaced with a frequency-domain linear circuit simulator by

means of the harmonic balance technique [3], [4]. Since the

resulting simulator includes the device/circuit interface, the sim-

ulator is suitable for performance and optimization investigations

of both the device and the circuit.

The model accepts as input data (1) device information such as

geomet~, doping profile, and bias conditions and (2) circuit

information such as microwave circuit topology and RF drive

information. The circuit information is supplied by means of

linear impedance matrices that are determined for a given circuit

topology from standard linear microwave simulators. The com-

plete simulator returns information such as RF output power,

power-added efficiency, gain, input/output impedances, and

spectrum information. The model is capable of investigating the

RF performance of a GaAs MESFET as a function of device
design parameters without the need to first fabricate and charac-

terize the device. The model has previously been used to investi-

gate a C-band monolithic power amplifier [5] and the parameter

sensitivities of ion-implanted power FET’s [6]. Excellent agree-

ment between model predictions and experimental data is ob-

tained.

TABLE III

PERFORMANCE SENSITIVITIES OF Lo–HI–Lo DOPED CHANNE> DEVICE

Vd~ = 7 V, Id, = 14,> /’2

Variable Nominal (PAE)FY P ,,,

value Semitw@ Sensitivity

Gate Length @m) 042 -061 -0,06

Channel thmkness @j 035 -024 -002

Sat”rzt,on “t’loc!ty (Crrlls) 1 5X1O’ 0,17 0.00

LOW field rrmbd,ty (crn2/v s) 4000 -051 000

Breakdown voltage (v) 310 00 00

Gate d,.,, breakd.~n reststzncc (!)) 20 00 00

Late source leakage resistance (0) 20 00 00

sour?. re,st.”ce (Q) O 62 -003 00

S“,,,,, ,nductance (DH) 002 002 00

Dr.!” W,,.ta”.e (()) 183 -008 -002

D,,,,,, ,ndu~tance (nH) 005 D 03 002

b.t, res,b,ance (0. ] 0573 -0121 -001

(;.,, ,nductanc? (IIH) 005 00 00

G*1. I>,& “Olt.ge (“) -.3606 .0.48 -001

Drmn b,,= VOk.g, (v) 694 -006 028

\ 10s ($”,) 01’2 -072 046

,, Ib,gk m O 065 -082 014

,, lk,w (! m -“ 50.10” -o W2 00

,, l,, Eb (<“,~— 50.10” -061 -009
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RF power output versus power input for the uniform doped channel

device ( Vd, = 7 V, Id, = Id,$ /2. F= 10 GHz).

III. RF PERFORMANCE COmpariSOn

The three device doping profiles that were considered in this

work consist of uniformly doped, ion-implanted, and lo–hi–lo

(buried channel) designs. Channel doping details are indicated in

Tables I, II, and III. Each profile type was optimized to produce

a maximum power-added efficiency (PA E) at 10 GHz with a

bias of Vd, = 7 V and Id, = Id,, /2. All devices had nominal gate

lengths of 0.5 ~m and gate widths of 1 mm.

The RF output power versus input power characteristics for

the three devices when operated in a common-source amplifier

configuration with 50 Q source and load impedances are shown

in Figs. 1, 2, and 3. Also shown is the output power at the second

and third harmonics. The uniformly doped and lo–&lo profile

devices produce similar output power and both devices produced

about 1 dB lower linear power than the ion-implanted device, but

about 2 dB greater saturated power. The ion-implanted device

saturated at a slightly lower input power than the other two

devices. The harmonic output powers from the uniform and

lo–lilo devices were significantly less than that from the ion-

implanted device. Since harmonic power is an indicator of non-

linear operation, this suggests that ion-implanted devices should

produce the least linear operating range and the most limited
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Fig. 2. RF power output versus power input for the ion-implanted profile

device ( Vi, = 7 V, 1~$ = l~.. /2, F= 10 flHz).
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Fig. 3. RF power output versus power input for the lo–hi–lo profde dewce

( Vd,= 7 V, Id, = Id~$/2, F= 10 GHz).

dynamic range. The 1o–II-1o device, in particular, appears well

suited for linear, high dynamic range applications.

The PAE and gain characteristics for the three devices are

shown in Figs. 4 and 5. All three devices are capable of generat-

ing essentially the same maximum PA E (about 43 percent). The
uniform and lo-h–lo devices, however, produce near maximum
PA E over a larger range of P,. than the ion-implanted device,

while the PA E characteristic for the ion-implanted device is

shifted toward lower values of P,.. The ion-implanted device

produces the greatest linear gain (about 11 dB) and the lo-hi-lo

device produces the smallest linear gain (about 9.5 dB). The

ion-implanted device saturates at an input power approximately

2 dBm before the other two devices. Once saturation is achieved,

the ion-implanted device produces approximately 1 to 2 dB less

gain than the other devices at a given input power level. The

lo–hi–lo device produces the greatest saturated gain.

IV. PERFORMANCE SENSITIVITY STUDY

The performance sensitivities of the 1 dB compressed power

(PI ~~) and PA E were calculated for each device for variations in
various design and process parameters. Each design parameter of
interest was varied about its nominal value, and the relative
sensitivity of the RF performance parameter was calculated. The

Fig. 4.
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Fig. 5. Gain versus input power for the three devices.

performance sensitivities are defined as normalized small-signaf

variations about the norhinal parameter value [6].

The RF performance sensitivities for the three devices are

shown in Tables I, II, and ‘[11. As indicated in the tables, both the

PAE and the PI ~B for all three devices are most sensitive to the

conducting channel design under the gate. This indicates that

tight tolerance must be maintained on the conducting channel

design if optimum and repeatable performance is to be obtained.

For ex~ple, in order for the uniform doped device to maintain a

PA E greater than 40 percent, the channel thickness must be

within 12 percent of the design value. For thick channels the gi~te

is not able to exercise optimum control over the channel current

and, therefore, output power and PA E degrade. For thin chan-

nels the channel current is reduced, which also degrades output

power and PA E. For this same device the PA E is above about

40 percent for approximately a 20 percent variation in ithe
channel doping density.

Although the data presented in the tables do not indicate

sensitivity to gate–drain breakdown voltage, the magnitude of

the breakdown voltage and the dc operating point must be

considered. As the breakdown voltage is reduced, significant

increases in RF performance sensitivity are observed. For exam-

ple, the PA E‘s for the three devices biased at 7 V are shown in

Fig. 6 as a function of gate-drain breakdow~ voltage. The ion-
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age for the three devices ( Vd, = 7 V, 11, = Id,, /2, F =10 GHz)
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Fig. 7. Maximum power-added efficiency versus gate–dram breakdown volt-

age for the Ion-implanted device for three different dram bias voltages.

implanted device is able to tolerate the lowest breakdown voltage

before significant degradation in PAE occurs. Reducing the

breakdown voltage below approximately 19 V for the ion-

implanted device, 21 V for the uniform device, and 22 V for the

lo–hi–lo device produces significant degradation in RF perfor-

mance. The dependence of PA E upon B VgJ for the ion-implanted

device is shown in Fig. 7. Data are shown for three drain bias

voltages with the drain current equal to one half Id,.. The PA E

degrades rapidly for BVgd less than 25 V for Vd, =10 V, 20 V for

Vd,, = 7 V, and 9 V for Vd, = 2 V. Higher breakdown voltages

allow larger RF voltages to be applied before waveform clipping

and RF performance degradation occur.

V. CONCLUSIONS

The RF large-signaf performance sensitivities for GaAs MES-

FET’s with uniformly doped, ion-implanted, and lo–hi-lo dop-

ing profiles have been investigated. All three device designs are

capable of generating PA E in excess of 40 percent at 10 GHz.

Optimized lo–lilo and uniform profile devices appear to pro-

duce the greatest saturated RF output power and gain and the

most linear response. Ion-implanted devices produce the greatest

linear gain, but have the least saturated RF power and gain and

the most limited dynamic range. The RF performance of the

devices is most sensitive to the conducting channel design and the

gate–drain breakdown voltage when the breakdown voltages are

relatively low.
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De-embedding Coplanar Probes with Planar

Distributed Standards

DYLAN F. WILLIAMS, MEMBER. IEEE, AND TOM H. MIERS,
MEMBER. IEEE

Abstract —Two methods are used to de-embed coplanar probes using

offset coplanar waveguide shorts and transmission lines. The accuracy of

the de-embedded measurements is verified. The S parameters of lumped

standards provided by the mannfactnrer of the probes are measured and

found to be suitable for purposes of calibration up to 26 GHz.

I. INTRODUCTION

Coplanar probes are widely used by manufacturers of mi-

crowave integrated circuits to characterize the s parameters

of microwave transistors and monolithic integrated circuits

(MMIC’S). The probes introduce significant measurement errors

which must be removed if transistor s parameters are to be

accurately measured. A procedure referred to as “de-embedding”

has been developed for this purpose [1], [2].

The coplanar probes are usually de-embedded by measuring

the uncorrected S parameters of a set of lumped impedance

“standards” provided by the manufacturer. A numericaf algo-

rithm is then used to determine the error coefficients of the

measurement system from the uncorrected measurements of the

impedance “standards.” The accuracy to winch the impedance of

these “standards” are known limits the accuracy of the calibra-

tion procedure.

In this work, two different and independent sets of” standards”

were utilized for de-embedding. These consisted of the coplanar

waveguide (CPW) through lines and offset CPW shorts that were

developed for de-embedding the Cascade Microtech type

WPH–105–1O probe heads from 5 to 25 GHz. In each case, the

accuracy of the calibration was verified by measuring the s

parameters of planar circuits not used in the de-embedding
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