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Abstract
We present PhorsFET: a new physics—oriented statistical GaAs MESFET model. PhorsFET
exploits the DC Khatibzadeh and Trew characterization and the small-signal Ladbrooke formulas.
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SUMMARY
Introduction

Fabricated device parameter values deviate randomly from their nominal (or designed) values.
These random variations result in complicated distributions and correlations of device responses, and
directly affect production yield. Statistical modeling is needed to characterize the device statistics
to provide accurate models for statistical analysis and yield optimization. Purviance et al. [1-3]
studied some statistical properties of FETSs based on equivalent circuit models (ECMs). Bandler et al.
[4] investigated statistical modeling of GaAs MESFETs using both ECMs and physics-based models
(PBMs). Using the Ladbrooke model [5], they demonstrated that PBMs provide more reliable
estimates of device statistics than ECM:s.

We have created PhorsFET (physics-oriented statistical GaAs MESFET), a new PBM, which
exploits the DC Khatibzadeh and Trew characterization [6] and the small-signal Ladbrooke formulas.
PhorsFET retains the advantages of the Ladbrooke model and the Khatibzadeh and Trew model while
overcoming their respective shortcomings: the DC operating point for implementation of the
Ladbrooke formulas has to be obtained separately; the Khatibzadeh and Trew model, while capable
of DC simulation, seems to be inaccurate for small-signal statistical applications. The DC device
simulation follows our improved version of the Khatibzadeh and Trew approach implemented in
HarPE™ [7]. Then, the small-signal intrinsic parameters are derived using the Ladbrooke formulas
with our modifications [4].

The new model is implemented in the statistical environment of HarPE [7], which carried out
all the calculations we report here. The GaAs MESFET wafer measurements were provided by
Plessey Research Caswell [8]. To align the measured data to consistent bias points, we applied the
Materka and Kacprzak model [9] for accurate interpolation for individual devices.

Model accuracy is demonstrated by good agreement between Monte Carlo S-parameter
simulations and the statistical S-parameter data. Furthermore, PhorsFET provides reliable and

predictable results in yield optimization [10].



The PhorsFET Model for GaAs MESFETs
The small-signal equivalent circuit of the PhorsFET model based on Ladbrooke [5] is shown
in Fig. 1. It includes parameters derived from device physical/geometrical parameters and the
intrinsic voltages at the DC operating point. The attractive statistical properties of this model have
been demonstrated in [4]. The DC operating point needed is solved for using the Khatibzadeh and
Trew approach which we have improved for better efficiency for uniform doping and implemented
in HarPE [7].
Details of the Khatibzadeh and Trew approach and the Ladbrooke formulas can be found in
[4], [5], [7] and [9]. Our new model PhorsFET includes the intrinsic FET parameters
{L, Z, a, Ny, Vigs Veass Ecs by € Lo, g, Top5 Tops Tos} 0))
and the linear extrinsic elements
{Lg Rgy Ly, Ry, L, Ry, Gy, Cygs Ces Cye) 2)
where L is the gate length, Z the gate width, a the channel thickness, N the doping density, Vo the
zero-bias barrier potential, v_,, the saturation value of electron drift velocity, E. the critical electric
field, u, the low-field mobility of GaAs, ¢ the dielectric constant, Lg0 the inductance from gate bond
wires and pads, a, the proportionality coefficient, and rg,, ro, and ro4 are fitting coefficients. The
DC block capacitor C,_ in Fig. 1 is fixed at 2pF.

The bias-dependent small-signal parameters, namely, g, C ng, R;, Lg, roand 7, as shown

ge’
in Fig. 1, are derived using the modified Ladbrooke formulas once the DC operating point is solved
for. For instance,

8m = Vg Z/d

7= (0.5X -2d)L/(v,,,(L+2X))

sat
R, = LZ/(pyaN4(a-d)) (3)
ng =2eZ/(1+2X/L)

To = To1VprslTos = Varg) + Toz

where Vg and Vg are DC intrinsic voltages from D’ to S’ and from G’ to S’, respectively, as



shown in Fig. 1. The equivalent depletion depth d and the space-charge layer extension X are
defined by
d = [2e(-V g.g+Vy0)/(aN]"? @
X = ag{2e/[aN4(-V g g+ Vi) N**(-Viat Vo)
Then PhorsFET is ready for small-signal simulation.
Measurement Data Interpolation

Measurements on 0.5um GaAs MESFETs were provided by Plessey Research Caswell [8]. 69
individual devices (data sets) from two wafers are chosen for statistical modeling. Each data set
contains small-signal S parameters measured at frequencies from 1GHz to 21GHz with 0.4GHz step
and under three bias conditions (Vpg at 5V and Vg approximately at 0V, -0.7V and -1.4V,
respectively). DC drain bias currents are also included in the measurements.

The measurement bias conditions vary slightly from device to device, thus we need to align
the different data sets to provide consistent bias points for statistical modeling. It is also desirable
to interpolate measured data at other bias points. The Materka and Kacprzak model is a suitable
interpolator for this purpose, because of its excellent single device fitting accuracy for these devices.

For each individual device we fit the Materka and Kacprzak model to its corresponding data
set. The resulting models are used to interpolate data for each device at two bias points (gate bias
-0.5V and -0.7V, drain bias 5V). In this way we generated data sets for 69 devices including DC
responses and S parameters from 1GHz to 21GHz with 2GHz step under the two bias conditions.
Statistical Modeling and Verification

HarPE [7] represents model parameter statistics by mean values, standard deviations,
correlation coefficients between model parameters and their discrete distribution functions (DDF)
[11].

PhorsFET model parameters were extracted for each device by fitting the model responses to
the corresponding S-parameter data and drain bias currents at gate bias —0.5V and -0.7V and drain

bias 5V. The resulting 69 models were then postprocessed to obtain the parameter statistics (Table



I). Histograms of channel thickness and doping density are shown in Fig. 2.

For verification, 400 Monte Carlo outcomes were generated using PhorsFET. The statistics
of the simulated S parameters for those 400 outcomes were compared with the statistics of the data.
The mean values and standard deviations from the data and the simulated S parameters at both bias
points and at frequency 11GHz are listed in Table II. Note that the statistics of the data and simulated
S parameters are consistent. This validates the statistical properties of PhorsFET.

Conclusions

We have presented PhorsFET: a novel, accurate physics—oriented model for GaAs MESFETs,
particularly suitable for statistical device characterization. Our experiments demonstrate its ability
to accurately represent the statistical properties of MESFETs. PhorsFET has been implemented in
HarPE and is suitable for both nominal design and yield optimization of small-signal circuits. Using
PhorsFET, exciting results have been achieved in yield-driven amplifier design [10].
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TABLE 1

PARAMETER STATISTICS OF PhorsFET

Para. Mean Dev.(%)  Para. Mean Dev.(%)
L(pm) 0.4997 4.76 R4(0) 0.4905 1.42
a(pm) 0.1630 5.78 R,(Q) 3.9345 1.29
Ny(m™3) 2.475E23  4.2] R () 7.7811 0.34
Vio(V) 0.2661 34.6 L,(nH) 6.21E-2  5.88
Lgo(nH) 0.0299 9.02 L (nH) 2.15E-2 1731
ro(1/A%)  0.0779 0.17 G4 (1/9) 2.34E-3  4.19
Toa(V) 534.44 4.86 C44(PF) 5.89E-2  2.33
Tos(0) 7.7855 0.17 C,(DF) 461E-2  6.12

Cg4e(PF) 2.00E-4  0.05
TABLE II

MEAN VALUES AND STANDARD DEVIATIONS OF
DATA AND SIMULATED S-PARAMETERS AT 11GHZ

Bias 1 Bias 2

Data PhorsFET Data PhorsFET

Mean Dev.(%) Mean Dev.(%) Mean Dev.(%) Mean Dev.(%)

BN 0.771 067 0765 074 0775 065 0776 0.72
/51, -103.5 153 -1042 162 -100.1 160 =-100.5 1.54
S, | 1760 226 1707 284 1657 323  1.668 2.78
/S5 9721 072 9826 0.84 9810 070 1003 0.73
1S5, | 0.091 410 0092 432 0097 427 0.097 3.85
/12 3559 174 3504 213 3620 163 3545 2.12
Sy, | 0.576 157 0577 166 0577 178 0579 1.66
/Saz -39.48 142  -39.61 137 -3996 126 -40.18 124
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Fig. 1. Small-signal equivalent circuit where Id=ngge'j"‘"’.
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SUMMARY
Introduction

Fabricated device parameter values deviate randomly from their nominal (or designed) values.
These random variations result in complicated distributions and correlations of device responses, and
directly affect production yield. Statistical modeling is needed to characterize the device statistics
to provide accurate models for statistical analysis and yield optimization. Purviance et al. [1-3]
studied some statistical properties of FETs based on equivalent circuit models (ECMs). Bandler et al.
[4] investigated statistical modeling of GaAs MESFETs using both ECMs and physics-based models
(PBMs). Using the Ladbrooke model [5], they demonstrated that PBMs provide more reliable
estimates of device statistics than ECMs.

We have created PhorsFET (physics-oriented statistical GaAs MESFET), a new PBM, which
exploits the DC Khatibzadeh and Trew characterization [6] and the small-signal Ladbrooke formulas.
PhorsFET retains the advantages of the Ladbrooke model and the Khatibzadeh and Trew model while
overcoming their respective shortcomings: the DC operating point for implementation of the
Ladbrooke formulas has to be obtained separately; the Khatibzadeh and Trew model, while capable
of DC simulation, seems to be inaccurate for small-signal statistical applications. The DC device
simulation follows our improved version of the Khatibzadeh and Trew approach implemented in
HarPE™ [7]. Then, the small-signal intrinsic parameters are derived using the Ladbrooke formulas
with our modifications [4].

The new model is implemented in the statistical environment of HarPE [7], which carried out
all the calculations we report here. The GaAs MESFET wafer measurements were provided by
Plessey Research Caswell [8]. To align the measured data to consistent bias points, we applied the
Materka and Kacprzak model [9] for accurate interpolation for individual devices.

Model accuracy is demonstrated by good agreement between Monte Carlo S-parameter
simulations and the statistical S-parameter data. Furthermore, PhorsFET provides reliable and

predictable results in yield optimization [10].



The PhorsFET Model for GaAs MESFETs
The small-signal equivalent circuit of the PhorsFET model based on Ladbrooke [5] is shown
in Fig. 1. It includes parameters derived from device physical/geometrical parameters and the
intrinsic voltages at the DC operating point. The attractive statistical properties of this model have
been demonstrated in [4]. The DC operating point needed is solved for using the Khatibzadeh and
Trew approach which we have improved for better efficiency for uniform doping and implemented
in HarPE [7].
Details of the Khatibzadeh and Trew approach and the Ladbrooke formulas can be found in
[41, [5], [7] and [9]. Our new model PhorsFET includes the intrinsic FET parameters
{L, Z, a, Ny, Vig, Veap» Ecs Hos € Lgs 39, Top5 Togs Tos) (1)
and the linear extrinsic elements
{Lg: Ry, Ly, Ry, Ly, Ry, Gy, Cyy Ces Cyel 2)
where L is the gate length, Z the gate width, a the channel thickness, N the doping density, V, the
zero-bias barrier potential, v, , the saturation value of electron drift velocity, E_ the critical electric
field, u, the low-field mobility of GaAs, ¢ the dielectric constant, LgD the inductance from gate bond
wires and pads, a, the proportionality coefficient, and Top» Tgg and ryg are fitting coefficients. The
DC block capacitor C, in Fig. 1 is fixed at 2pF.

The bias-dependent small-signal parameters, namely, 8m C ng, R;, Lg, rgand 7, as shown

g
in Fig. 1, are derived using the modified Ladbrooke formulas once the DC operating point is solved
for. For instance,
8 = EVgaZ/d
7= (0.5X -2d)L/(v,,,(L+2X))
R, = LZ/(#yaN4(a-d)) (3)
Cga = 26Z/(142X/L)
To = To1VrgdTos = Vargr) + Tog

where Vp.g and Vg.g are DC intrinsic voltages from D’ to S’ and from G’ to S’, respectively, as



shown in Fig. 1. The equivalent depletion depth d and the space-charge layer extension X are
defined by
d = [2e(-V g.g+Vy0)/(QN)1*5 @
X = ag{2e/[aN4(-V gg+ Vo) NP2 (-Va+ Vio)
Then PhorsFET is ready for small-signal simulation.
Measurement Data Interpolation

Measurements on 0.5um GaAs MESFETs were provided by Plessey Research Caswell [8]. 69
individual devices (data sets) from two wafers are chosen for statistical modeling. Each data set
contains small-signal S parameters measured at frequencies from 1GHz to 21GHz with 0.4GHz step
and under three bias conditions (Vg at 5V and Vg approximately at 0V, -0.7V and -1.4V,
respectively). DC drain bias currents are also included in the measurements.

The measurement bias conditions vary slightly from device to device, thus we need to align
the different data sets to provide consistent bias points for statistical modeling. It is also desirable
to interpolate measured data at other bias points. The Materka and Kacprzak model is a suitable
interpolator for this purpose, because of its excellent single device fitting accuracy for these devices.

For each individual device we fit the Materka and Kacprzak model to its corresponding data
set. The resulting models are used to interpolate data for each device at two bias points (gate bias
-0.5V and -0.7V, drain bias 5V). In this way we generated data sets for 69 devices including DC
responses and S parameters from 1GHz to 21GHz with 2GHz step under the two bias conditions.
Statistical Modeling and Verification

HarPE [7] represents model parameter statistics by mean values, standard deviations,
correlation coefficients between model parameters and their discrete distribution functions (DDF)
[11].

PhorsFET model parameters were extracted for each device by fitting the model responses to
the corresponding S-parameter data and drain bias currents at gate bias -0.5V and -0.7V and drain

bias 5V. The resulting 69 models were then postprocessed to obtain the parameter statistics (Table



I). Histograms of channel thickness and doping density are shown in Fig. 2.

For verification, 400 Monte Carlo outcomes were generated using PhorsFET. The statistics
of the simulated S parameters for those 400 outcomes were compared with the statistics of the data.
The mean values and standard deviations from the data and the simulated S parameters at both bias
points and at frequency 11GHz are listed in Table II. Note that the statistics of the data and simulated
S parameters are consistent. This validates the statistical properties of PhorsFET.

Conclusions

We have presented PhorsFET: a novel, accurate physics-oriented model for GaAs MESFETs,
particularly suitable for statistical device characterization. Our experiments demonstrate its ability
to accurately represent the statistical properties of MESFETs. PhorsFET has been implemented in
HarPE and is suitable for both nominal design and yield optimization of small-signal circuits. Using
PhorsFET, exciting results have been achieved in yield-driven amplifier design [10].
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TABLE 1

PARAMETER STATISTICS OF PhorsFET

Para. Mean Dev.(%)  Para. Mean Dev.(%)
L(um) 0.4997 4.76 R,4(0) 0.4905 1.42
a(um) 0.1630 5.78 R () 3.9345 1.29
Ny(m™3) 2.475E23 4.1 R (0) 7.7811 0.34
Vio(V) 0.2661 34.6 L4(nH) 6.21E-2 5.88
Lo(nH) 0.0299 9.02 L (nH) 2.15E-2 7.31
rm(l/Az) 0.0779 0.17 G4, (1/9) 2.34E-3 4.19
roo(V) 534.44 4.86 C4:(PF) 5.89E-2 2.33
ros(f) 7.7855 0.17 C¢e(PF) 4.61E-2 6.12

C4.(DF) 2.00E-4 0.05
TABLE II

MEAN VALUES AND STANDARD DEVIATIONS OF
DATA AND SIMULATED S-PARAMETERS AT 11GHZ

Bias 1 Bias 2

Data PhorsFET Data PhorsFET

Mean Dev.(%) Mean Dev.(%) Mean Dev. (%) Mean Dev.(%)

BN 0771 067 0765 074 0775 0.65 0776 0.72
/S ~103.5 153 -1042 162 -100.1 160 -100.5 1.54
|S,, | 1760 226 1707 284 1657 323 1668 2.78
/a1 9721 072 9826 084 98.10 070 1003 0.73
1S5 | 0.091 410 0092 432 0097 427 0097 3.85
/S1z 3559 174 3504 213 3620 1.63 3545 2.12
|S,s | 0576 157 0577 166 0577 178 0579 1.66
/Sss -39.48 142 -39.61 137 -3996 126 -40.18 1.24
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Fig. 1. Small-signal equivalent circuit where Id=ngge‘j”’.



(@)

(b)

Fig. 2. Histograms of (a) channel thickness and (b) doping density.
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