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Abstract—A new small-signal and noise-equivalent circuit for 0

heterostructure field-effect transistors (HFET’s), including the a feegm
influence of impact-ionization and gate-leakage current on the £ 00 - ,Ge 2'5\,
electronic properties, is presented. The capability of the new T ] ?;g Gel2.5V)
model is demonstrated by bias-dependent investigations of the 10 5 15
high-frequency (HF) (45 MHz up to 40 GHz) and noise behavior g 2
(2 GHz up to 18 GHz) of the InAlAs/InGaAs/InP HFET. Further- © &
more, based on these results, the bias-dependence of the newly = |g 20
implemented small-signal equivalent elements and the equivalent g 20| |
intrinsic noise sources, are discussed. g > o (2.5V)

Index Terms—Modeling, MODFET's, noise, shot noise. 5 ‘ l 2.5 o
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. INTRODUCTION gate-source-voltage Vgg /V —

ETEROSTRUCTURE field-effect transistors (HFET’s)F. . , .
. . ig. 1. Typical behavior of a gate-leakage curréntin dependence on the
with a low band-gap channel m.ate”alv SU.Ch as thess conditions and the illustration of superposition of the electron tunneling
InAlAs/InGaAs/InP HFET, are well suited for high-speedomponent/c. and the hole componedt;y,. (Lg = 0.15 pm, Wy = 100

opto-electronic, and microwave communication applicatiofg™ 7' = 300 K).
[1]. These transistors have demonstrated excellent RF and

noise performance, but at high drain—source voltagéss), field, the electrons contribute to the drain-curreipt and
impact ionization [2] in the channel degrades the dc anghe holes are transferred to the gate—electrode corresponding
especially, the RF, as well as the noise behavior. This phg- a tunneling probabilityZ;,. The increase of the gate-
nomenon leads to high gate-leakage current [3] combined wiakage curreni; at high drain—source voltagé$s (Fig. 1),

high output conductances and low breakdown voltages [4lemonstrates the influence of the additional hole—cutfept

[5]. Up to now, conventional models [6], [7] are not able to The total gate currenfg can be interpreted as a superpo-
describe the influence of these effects on the RF and noiggon of an electron tunneling componefi,. through the
behavior. In this paper, the authors present an extended smgfhottky barrier [9] and a hole tunneling componda,,

signal and noise-equivalent circuit, which allows an exaghused by impact ionization. Now, the gate currégtcan
modeling and prediction of the RF and noise behavior overmg described by the following formula:

wide frequency range where fthoise is negligible, including I I

the impact-ionization influence. Bias-dependent experimentg), — { Ge T 4Gh 1)
investigations as well as the modeling of the RF and noise lge +|Ip - oE) - Lea(E) - Ti(E)|-

behavior, with special respect to the intrinsic equivalent noiseHere,a(E) is the ionization rate per unit length (impact-

the reliability and the advantages of the new model. lateral electric field in the channel [10], [11]. Significant
generation of electron—hole pairs occurs only at the drain end
[I. INFLUENCE OF IMPACT |ONIZATION of the gate due to the intrinsic voltage drog, over the high-
ON THE GATE-CURRENT field region, whereL.g describes the effective length of this

At high drain-source voltaged/fs), a drastic increase of Nigh-field domain.

the gate currenig can be observed [8]. This is caused by im-

pact ionization and the generation of additional electron—holBl. NEW SVALL -SIGNAL AND NOISE-EQUIVALENT CIRCUIT

pairs in the channel of the HFET. Due to the applied electric Theoretical investigations [cf. (1)] as well as extensive
Manuscript received October 10, 1996; revised February 28, 1997. blas-dependent dc and RF measure_me_nts,_ ha\_/e demonstrated
R. Reuter, M. Agethen, U. Auer, S. van Waasen, W. Brockerhoff, and F.that the phenomenon of the impact ionization in the channel

Tegude are with the Department of Solid-State Electronics, Gerhard-Mercatgfrong|y increases with higher drain—source volt&gg cor-
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ionization occurs. T = 300 K, Vps = 1.5V, Vgs =0V, Ly = 0.7 pm, TN 4k T
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T T Fig. 4. Intrinsic and extrinsic small-signal and noise-equivalent circuit of
@ 20 %‘\520 HFET including modeling of gate-leakage current and impact ionization on
o > the RF and noise behavior.
-EXJ S
o £
T S . - .
SR T 10 controlled current source in the output circuit of the transistor.
j & . . . .
g & The investigation of the dc behavior has demonstrated that the
= 3 L .
o 5 current source has to be controlled by the intrinsic drain—gate
fy =45 GHz frmax = 152 GHz voltage vq,.
0 0 The circuit here is based on an extended temperature noise
T2 &5 10 20 50 100 12 5 10 20 50 100 del 1 hich takes i he infl f
frequency F/GHz = frequency f/GHz — = model [15], which takes into account the influence of gate-

leakage current on the RF and noise performance. This new

Fig. 3. 'V'eaSUVfEdX) and “}Odemdl\‘) /Cu"em ?aifﬂ hay |? a”dbun”atef(?| equivalent circuit (Fig. 4) now considers the mentioned ad-
gainGU versus frequency of an InAlAs/InGaAs/InP HFET at a bias conditiony., . .
where impact ionization occursT(= 300 K, Vis = 1.5 V, Vas = 0 V, ditional voltage-controlled current source, characterized by

Ly, = 0.7 um, W, = 80 pm). 9m im, and aRCG-combination parallel to the output resistance.
gm,im represents the current component due to the impact
ionization controlled by the drain—gate voltagg, mainly

of an InAlAs/InGaAs/InP HFET at a bias condition where

impact ionization in the channel occurs. Fig. 3 illustrates thceaused by the voltage drop at the high-field region at the drain

) . . ) ehd of the gate. The frequency dependence is described by
f:orrespondmg current gaipf, | and unilateral gainU) the combination ofR;,, andCj,,. The influence of the impact
in_dependence on the frequency and the extracted cut]% ization on noise is considered by the additional white noise

frelcrl]utigc;?jfTe?:ld J: Zﬁx'er?riﬁigﬂyg to about 3 GH source parallel to theyy,-controlled current sourcey, im.
quency 9 Zup u Z Bue to the arrangement of the noise souigge and theRC

strong mductl_ve beha\_n_or of the output circuit correlated to thceombination R and Ciy), the external short-circuit noise-
output reflection coefficient;» can be observed. Furthermore

due to a dispersion of the outout resistance. the forw tyrrent ¢;, ox; differs from the intrinsic impact-ionization
u _a dispersi utpu ! ' AN ise-current;,,, and is given by
transmissions,; is reduced.

The recently published method [14] to describe this behaviog/f_ [ 1 _ 1 5
by an additional series connection of a resistance and an indud-imext = V tim ’ 2’ wWo = R, -Cuy’ (2)
tance parallel to the output resistangg;, leads to unphysical 1+ (ﬁ)

results which do not allow a realistic interpretation of the

impact-ionization phenomenon in the channel. Furthermorhis formula describes the Lorentzian shape of the short-
in this paper's model, the electron—hole pair generation daicuit noise-current, which reflects the generation of elec-
to impact ionization is represented by an additional voltaggeon—hole pairs due to the impact ionization.
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Bias ConDITION, GEOMETRY DATA, PERFORMANCE DATA, AND
THE EXTRACTED SMALL -SIGNAL EQUIVALENT ELEMENTS
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Vps IV
—>—06

iy

T —*—038
bias condition: gate-geometry: o] —=*1.0
E 3 ——12
VDS =1.5V VGS =0V Lg = 07um e —¥—16
3 ——
Ip=318mA | Ig=-18pA | Wy =80um > ) 2.0
[0
cut-off frequencies: %
fr— 45GHz l froe = 152GHz, g
. - 2 1
small-signal equivalent elements: g
Cin=142fF | Cpo = 4IF Cour = 28.2fF g |
_ — £ = ‘ ‘ ™~
Rg =30 L=063.1pH | Cys=210.5(F %7 06 05 04 03 02 01 0 01 02
Rg=8Q Lg=3.8pH Lp=152pH gate-source-voltage Vgg /V —
Ry =2.8Q Rys = 420Q Rpgs: 12kQ Fig. 5. Impact-ionization transconductangg, i, in dependence on the
Rp =10Q Cys = 8.2fF Rpgq =70.7kQ gate—source voltages, with the drain—source voltagéns as parameter.
Ly =015 pgm, W, = 100 pgm, T = 300 K).
Coa=95F | gn=69mS | £=022ps (Lo > H ! )
Rin=38kQ | Cyp=1420F | g;i, =4.26mS

the Lorentzian shape of the external short-circuit noise-current
timext [Cf. (2)] corresponding to an upper frequency-band
limitation, especially at low frequencies, a strong impact on
the noise performance can be observed. The phenomenon of
A. RF Behavior impact ionization now leads to an increase of the minimum

Using an HP8510C network analyzer and a commerciaPise figureF,,;,. The offset of the minimum noise figure
noise-parameter measurement set-up (ATN and Hp897oB)’ﬂﬁe|OW frequencies especially reflects the impact-ionization
influence of impact ionization on the RF and noise behaviffocess. In contrast to the influence of a gate-leakage current
has been investigated in dependence on the frequency &Hel: impact ionization leads to higher optimum generator
bias conditions. impedances and causes a strong increase of the equivalent

The small-signal elements, equivalent noise temperatufR@se _resistancEn at low frequencies, as well. The inductive
(I, T,, and T,;) and equivalent impact-ionization noisebeha\/_lor of the output path of the_ HFET also affects the
current §;,) have been extracted using an optimization afissociated gailt7,ss and leads to an increase Gk at low
gorithm based on the simulated evolution (evolution theoffequencies. The three equivalent noise temperatrgsiy,,
and genetic algorithms) [16]-[18]. The bias-condition, geon®dZu) and the equivalent impact-ionization noise-currgnt
etry data, performance data, and the extracted small-sigRhthe modeled extrinsic noise parameters are listed in Table Il.
equivalent elements are listed in Table I. Fig. 2 also shows
the modeled scattering parameters, while Fig. 3 shows the
modeled current gaif h; |2 and unilateral gairGU of the V. EQUIVALENT INTRINSIC NOISE SOURCES
investigated InAlAs/InGaAs/InP HFET in the frequency range The bias-dependent investigations of all equivalent intrinsic
from 45 MHz up to 40 GHz, respectively. Obviously, the newoise sources [19] demonstrate the capability of the new
small-signal equivalent circuit is well suited to model the Rfnodel. Fig. 7 shows that the extracted impact-ionization noise-
behavior, including the impact-ionization influence. current i;,,, drastically increases with higher drain—source

Fig. 5 shows a typical bias-dependent behavior of the exsltages V), used as a parameter in Fig. 7. In contrast, at
tracted transconductan@gmn at room temperature. The low|ow drain—source voltagegps < 0.7 V, the impact-ionization
transconductancey,, i, at low drain—source voltage¥ps noise-currentiy,, is negligible. In this bias range, electron
reflects the small influence of impact ionization on the REnergies are smaller than the band-gap and are insufficient
performance in this bias range. With increasing drain—sourgegenerate electron—hole pairs. With increasing drain—-source
voltage, impact ionization and the inductive behaviorsef voltage abovelpg ~ 0.8 V, impact ionization occurs. This
occur, correlated to a drastically increased transconductamggds to impact-ionization noise-currents which dominate the
gm,im- The bias-dependence of the transconductagigg. noise behavior of the transistor and reflects the strong correla-
always exhibits a bell-shaped curve, but due to the biagen between impact-ionization, bias-condition, and generated
dependence of the tunneling probabilly,(E) [cf. (1)] the noise-current. Due to the fact that the level of the extracted
maxima of the curves are not exactly correlated with thgpact-ionization noise-current,,, exceeds the equivalent
occurring hole currenfcy,, seen in the input characteristicsshot-noise drain-current= (2 - ¢ - Ip)?) in a wide range of
of the HFET (Fig. 1). bias-conditions, carrier multiplication [20]-[22] is supposed
to occur in the high-field domain leading to the following
relation:

IV. EXPERIMENTAL VERIFICATION

B. Noise Behavior

The measured and modeled noise parameférs,( R, gn,
Glass andﬁopt) of the transistor are shown in Fig. 6. Due to

iim 08 f(M(E)) \/2'Q'ID (3)
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Fig. 6. Measurede) and modeled ) noise parameters versus frequency of an InAlAs/InGaAs/InP HFET at a bias condition where impact ionization
occurs. ¥ps = 1.5V, Vgs =0V, Ip =318 mA, Ly = 0.7um, W, = 80 um, T = T, = 300 K).

TABLE 1
EXTRACTED EQUIVALENT NOISE TEMPERATURES AND NOISE
CURRENT OF THEMODELED HFET (Vphs = 1.5V, Ves =0V,
Ip =318 mA, Ly =0.7T um, Wy = 80um, T = T, = 300 K)

160
140
120
100

equivalent channel noise temperature:
T, =4014.9K

equivalent output noise temperature:
Ty =18007.84K

—a—12
—¥—15

e

07 -06 -05 -04 -03 -02 -01 0.0
gate-source-voltage Vgg V' =

equivalent gate-leakage noise temperature:
T, =918.65K

impact ionization noise current i, /pA-—*

equivalent impact ionization noise current:
L;m = 146pA

Fig. 7.  Extracted equivalent intrinsic impact-ionization noise-curightin
dependence on the gate—source voltdgg with the drain—source voltage
] o Vps as parameter.

where f(M(E)) reflects a function of the electric-field-

dependent multiplication factof/(£) [20]. The relation ) .
between multiplication factorM(£) and the majority- &d [Cf. (5)] and shot-noise gate curreqy [cf. (6)].

carrier impact-ionization rate-per-unit lengtt{z, F') can be .
described according to [20] isa =V2-q-Ip (5)

ise =2 q Ig. (6)

The equivalent output noise-currefjt in dependence on the

Due to the position-dependent electric field, impact-ionizatidipte-source voltagdzs and versus the shot-noise drain-

rate, and using the above assumptions, no simple analgirent is shown in Fig. 8. It can be seen that the equivalent

cal expression can be derived for the relation between bf3@ise-current, is mainly dominated by a reduced shot-noise

conditions and generated impact-ionization noise-curignt drain-cgrrerjt [2_3]. The mathematical interpretation of this
The other equivalent intrinsic noise sources show the eQrrelation is given by

pected bias dependence [19] and reflects the strong correlation

, L e iy . / T. .
between the 'equwglent intrinsic noise soura@sz({,, andz{g), g = 1J4-k- Ad o kg -\/2-q Ip+idp )
and the physical noise sources, such as shot-noise drain-current Rys

Legr
M(FE) = exp /0 alé, EB)dE|. 4
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the gate—source voltageé;s and on the shot-noise drain-current with the . . . .
drain—source voltag&hs as parameter, respectively. Fig. 9. Equivalent channel-noise voltagg and intrinsic current-gain cutoff

’ ' frequency fr in dependence on the gate—source voltdges with the
drain—source voltagé),s as parameter.

here
50
kg = 0.49 and igg = —2pA. (8)
The behavior of the equivalent channel-noise voltage T 0
(Fig. 9) in dependence on the gate—source voltggeexhibits i
an inversely proportional behavior to the intrinsic current- & 801
gain cutoff frequencyfr (fr = gm/(27 - (Cys + Cya))), E
which reflects the strong correlation to the intrinsic delay- w§‘¢ 201
time behavior of the HFET. A transformation of the equivalent o
channel-noise voltage,, characteristic for the input circuit of 10 ¥ aporoximated
: f . . pproximate
the transistor, to a noise measure of the output circuit of the
HFET, can be done by multiplying, with the ratio of the 05 0"20 30 40 50 60 70 80 90 100 T10
square of the transconductangg and the intrinsic current- shot noise drain current 42:q-Jp" /pA — =

gain cutoff frequencyr. Now, the transformed channel-noise_. . . .
. . ig. 10. Extracted transformed equivalent channel-noise voltage in depen-

voltage demonstrates a nearly proportional behavior to tB&hce on the shot-noise drain-current with the drain-source voltageas

shot-noise drain-current (cf. Fig. 10). Using this “transformaparameter, respectively.

tion” the equivalent channel-noise voltaggcan be expressed

by following the linear approximation: the shot-noise gate current. The equivalent gate-leakage noise-

2 2 ) currentz, is nearly proportional to the shot-noise gate current.
vg - % = V4 k-Ty Ry % = ky-v2-q-Ip+ia  This clearly depicts that a gate-tunneling current causes pure
(9) shot noise [cf. (6)] [19], [24], [25]. The described behavior
leads to
here

ky = 047pF andiq = —1pA-pF. (20)

Fig. 11 shows the equivalent gate-leakage noise-cuttentThese presented dependencies demonstrate the capability to
in dependence on the gate—source voltd@g and versus separate the intrinsic noise sources and the correlation to
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the RF and noise behavior. The output reflection coefficignt
shows a strongly inductive behavior where the minimum noise

5‘;/ VsV "”4\'\,\4\‘ figure Fl;, and the equivalent noise resistanigg drastically
- y

increases at low frequencies.
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