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ABSTRACT High-frequency dispersion of the AlGaN/GaN HEMT output resistance has been investigated.
Using the electron momentum balance equation, we demonstrated that the deviation of the dynamic drift
velocity from its static value could be considered as the main reason for the high-frequency dispersion of
the transistor output resistance. Moreover, a new intrinsic small-signal equivalent circuit has been proposed
to consider the output resistance dispersion. Comparison with measured s- parameters have validated the

proposed approach.

INDEX TERMS Gallium nitride, high electron mobility transistors, frequency dispersion, small-signal

model.

I. INTRODUCTION

The small-signal modeling of microwave GaN HEMT
devices is a research topic of high importance in microwave
circuit design and device characterization [1], [2]. The small-
signal model is required to reproduce the GaN HEMT
transistor behavior, and it is considered as the first step
to developing the large-signal and noise models [3]-[5].
Currently, two approaches of small-signal modelling coexist:
1) the electrical approach, which is based on the equivalent
circuit models, and 2) the behavioral approach, which is
based on the artificial neural networks (ANNs) [3]. Even
though the behavioral approach gives an accurate reproduc-
ing of the S-parameters measurement, it has no connection
with device physics and circuitry. Mainly this makes such
models less preferable for RF and microwave designers.

A preferable approach for the RF and microwave designers
is the electrical approach. It is based on the equiva-
lent circuits that commonly consist of an extrinsic part
representing the parasitic elements and an intrinsic part rep-
resenting the bias-depending elements. Several approaches,
extraction methodology, and optimization algorithms have

been developed seeking for high accuracy value of extracted
parameters during the past decades [6]-[9]. Away from
the optimization and extracting procedure, any small-signal
model’s core is the equivalent circuit used to represent the
GaN/AlGaN HEMT. Several attempts have been made to
modify the equivalent circuit of the GaN HEMT; however,
most of them are related to the extrinsic part of the equivalent
circuit. For example, in [10], the author proposed a new mod-
ified equivalent circuit that contains 20 elements. However,
the modifications attach only the extrinsic part of the device,
where the author tried to consider parasitic capacitances of
the pads and inter-electrode/crossover separately. Despite the
good fit achieved by [10] with measured Sy1, S12, and Sy1—
parameters, a pretty poor fit with S;» -parameter, especially
at relatively high frequency. The frequency dispersion in GaN
has been given great attention as the mechanism responsible
for the device degradation. In [11], the frequency dispersion
was modeled using an additional circuit with a delay time of
around 1 microsecond. However, the model can capture the
dispersion effect due to the trapping and de-trapping up to
1 GHz. This can not explain the dispersion of Sy, -parameter
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at high frequency. The agreement with Sy, -parameter is cru-
cially important for circuit design as it determines the output
impedance of the HEMT transistor and, as a consequence,
the matching quality. At MIMC design, especially at high
frequency or mm-wave, the matching itself becomes an issue,
and any inaccuracy of the modeled Sy, may lead to poor out-
put performance of the design. To overcome such difficulties
and physically explain such high-frequency dispersion, the
equivalent circuit’s intrinsic part will be investigated.

Il. MODEL DESCRIPTION

The intrinsic part of the small-signal circuit should represent
the active region of the HEMT transistor. For this reason, it
should replicate the main physical phenomena within the
active region [12]. In other words, each element of the
intrinsic circuit should be linked to the device’s physics.
Traditionally, the intrinsic part of the small-signal model
believed to be frequency independent and built assuming
stationary transport of the electrons where is the time-
dependence of the drift velocity and energy have been
neglected. Such an assumption can be valid for relatively low
frequency. However, while moving toward a high-frequency
range, the time-dependence of drift velocity should be taken
into account. Let us assume that the electrical field consists
of two components, one resulting from time-independent
bias Ep and another from the time-dependent applied signal
E = 2E; cos(wt), so:

E(t) = Ep 4+ 2E; cos(wt) @))

where 2E is the magnitude of the electrical field of the RF
signal, o is the cyclic frequency of the applied RF signal,
and Ey is the electrical field due to DC applied voltage.

The simplified momentum balance equation can be written
as [13]-[16]:

PO~ —ge - 22 @
ot (Tm)

where P(f) is the electron momentum, ¢ is the elementary
charge, and (7,,) is the averaged momentum relaxation time,
usually defined at the condition dP/dt = 0. While deriving
equation (2), we have assumed that the concentration gra-
dients’ effect on the electron momentum is negligible. The
electron momentum related to the drift velocity within the
classical approach by [16]:

P(t) = m*v(r) (3)

where m* is the electron effective mass, v(¢) is the drift
velocity of the electrons.

Assuming that the effective mass is time-independent,
the equation 1 with accounting for equation (3) can be
rewritten [16]:

() q V(1)
=-——FE@0—-—. 4
ot m (tm)

For a small-signal and diminish magnetic field, the drift
velocity will oscillate with a small amplitude at the driven
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TABLE 1. SSM parameters at three bias conditions.

Bias

Condition Cys(fF) Cuas(fF)  Ras(ohm) gm(mS) Ro(ohm)
I:;"3=923(::A 6042 1088 66 762 37
1‘,\;"1=729(:1\1/A 5227 991 71 605 2.7
1:/:;3221\1; 4219 883 90 405 1.9

frequency so that one may write [17]:
v(t) = vo + 2v; cos(wt). (5)

Applying equation (5), the equation (4) may be rewritten as:

9 o+ 2v1 cos(@)] = 222 12 cos(wr) 2V
— V1 COS(w = — COos(wt) —
90T ar ar

+ 2v1%[cos(a)t)]
— gy -0 g
m* (tm)

Multiplying both parts of equation (6) be the relaxation
time one may obtain:

(tm)% + 2{t;) cos(wt)% — 2{ty)viw sin(wt)
9 p Gy ). (7

The momentum relaxation time related to the time-
dependent electron mobility w(#) by [13]-[15]:

q{Tm)

p(t) = @®)

The momentum relaxation time (t,,,) depends on the elec-
trical field and has value in the range of 107° ~ 10712 s.
At the same time, the maximum drift velocity that has been
recorded for GaN is vpeqr A 2.7 x 10° m/s. Based on this,
the first two terms on the left-hand side of the equation (7)
can be neglected. Thus the equation (7) with account for
equation (8) can be rewritten as:

2vim*w

v(t) = —u(E®) + w sin(wt). )
Equation (9) clearly shows that the drift velocity will
deviate from the conventional value expressed in form
v(t) = —p(H)E(f). The amount of drift velocity deviation is
linearly increasing as one moves toward a higher frequency.

The electron mobility can be written as a function of the
electrical field using [13]:

ur(T)

p(t) = (10)

y
(1+ (E@/E(T)P) P
where wup(T) and E.(T) are the low-field electron mobility

and critical electrical field of the channel layer as a function
of the lattice temperature, and 8 > 1 for GaN.
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Substituting equation (1) into equation (10), one may
obtain:

T
u() = wur(T) 1

/
(1 + (Eo+2£1(;<)>8(wt))ﬂ> p

_ wnr(T) — (a1

8\ /B
<1 + (2B + esen) )
For small-signal excitation the 2E; << E.(T) and

| cos(wt)| < 1 correspondingly, the following inequalities
take place:

’2E1 cos(wt) <1 (12)
E.(T)

’2E1 cos(wt) . Ey ' (13)
E.(T) E(T)

Using (12) and (13), the equation for the electron mobility
can be rewritten as follows:

T
w(t) ~ ur(T) —

1/
(1+()") "

From equation (14), the time dependence of mobility can be
neglected. Therefore in further discussion, the mobility will
be denoted simply by w. Substituting equations (1) and (14)
into equation (9), one may get the following:

(14)

m*w

2v1
v(t) = —uEg — 2E] cos(wt) +

usin(wr). (15)

Taking into account that sin(wt) = cos(wt + %) along with
equation (15), the drift velocity can be presented as follows:
&

2vim*w T
n cos(wt + —).
q 2

(16)

v(t) = —uEy — 2uE] cos(wt) +

From equation (16), it is clear that the drift velocity has linear
frequency-dependent terms with w/2 phase shift compared
to the input signal. Assuming a small diffusion current, one
may write the drain current as:

1(1) = —qWnyv(1). A7)

The negative sign in equation (17) indicates that the con-
ditional positive current follow is opposite to the direction
of the electron transport. Substituting equation (16) for drift
velocity with account for equations (1), one may obtain:

2vim*w

I1(t) = —qWny <—ME0 + Mcos(a)t + %) —2uE; cos(wt))

= —an5<—,qu + 2vi{tm) @ cos(a)t + %) —2uE; cos(wt)).
(13)

Rearranging the equation (18), following by integration
over the channel length it can be rewritten as:

Lg Lg
/ I(t)dx = ugWny / Eodx — 2gWng(ty) Lo
0 0
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FIGURE 1. The proposed small signal model.

b4 Lg Vi
X cos(a)t+ —) —dx
2/ 0o w

Lg
+ 2gWnsu cos(a)t)/ Edx. (19)
0

The current is constant throughout the channel length.
Thus one may write:

Wn Lg 2qWng{T) pw cos(wt + %
I(t):Mq s / Eodx — gWns(Tm) L ( 2)
g 0 Lg
——— N e’
Gy4s  Voltage drop on Gy Gy
Ly 2gWng cos(wt L
x / W 4 24 cos(@n / Eydx  (20)
0o M Lg 0
—_—— N——
Voltage drop on G, gm Voltage drop on g,

From equation (12), one may conclude that the dynamic
nature of the physical process within the transistor, including
the drift velocity, may lead to the transistor conductance’s
high-frequency dispersion. Therefore, the transistor out-
put conductance/resistance can be divided into two parts:
1) frequency-independent output conductance/resistance G
(see equation (22)) and 2) frequency-dependent output con-
ductance/ resistance G,. Therefore, the output resistance,
frequency-dependent output resistance can be estimated
using the following equations:

L
Rgs = —== 1)
qW png
_ Lg _ Ry
¢ 2ans,u(rm)a)cos(a)t+ %) Z(Im)a)cos(a)t+ %)
qR 45

= . 22
2um*w cos(wt + %) .

In addition, the current through frequency-dependent con-
ductance/ resistance should be shifted by m/2. Based on
the conclusions mentioned above, the intrinsic small-signal
equivalent circuit should be modified by adding the effect
of frequency dispersion. Fig. 1 describes the small-signal
equivalent circuit, where the dispersion of the transistor con-
ductance has been included by inserting a resistance R, in
series with the source-drain capacitance.
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FIGURE 2. Comparison of S-parameters between experimental
data (circle) and simulation data (line) by using the traditional model at
Vd =20V Id = 393maA (a) S11 and S22 (b) S21 and S12.

Iil. MODEL VALIDATION

To validate the findings, 2.1 mm gate-width AlGaN/GaN
HEMT has been fabricated on a 3-in RF GaN-on-SiC
process. First, to exclude the effect of extrinsic parasitic
elements, open and short structures are used to de-embed
extrinsic parameters (Cpg, Cpa Lg, Lq, and Ly). The gate,
source, and drain resistances (Rg, Rq and Ry) are extracted
using S- parameters at cold FET condition. The extrinsic
parameters were accordingly optimized. Having excluded the
effect of the extrinsic part of AlGaN/GaN HEMTs, the intrin-
sic parameters of the small-signal equivalent circuit can be
easily extracted using measurement s-parameters at the hot
FET condition.

To more clearly investigate the high-frequency dispersion
of the channel resistance, we used two different small-signal
intrinsic equivalent circuits: The first is the traditional equiva-
lent circuit without the frequency-dependent resistance. The
second is the proposed equivalent circuit with frequency-
dependent resistance. The comparison between measured and
simulated S-parameters using conventional and the proposed
equivalent circuits has been performed over different currents
and bias conditions. As shown from the comparison result
for Vq = 20V, V4 = 16V, and V4 = 12V correspondingly
Iq = 393mA, Iy = 392 mA, and Iy = 385mA, the proposed
model has an apparent advantage over the traditional one.
Inserting the frequency-dependent resistance has reduced the
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FIGURE 3. Comparison of S-parameters between experimental

data (circle) and simulation data (line) by using the proposed model at
Vd = 20V Id = 393mA (a) S11 and S22 (b) S21 and S12.
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FIGURE 4. Comparison of S-parameters between experimental
data (circle) and simulation data (line) by using the traditional model at
Vvd = 16V Id = 392 mA.

averaged error of Sy> by approximately 4% and error at a
frequency higher than 6 GHz by more than 7% (See Fig. 2 to
Fig. 7). Table 1 lists the SSM parameters at three bias con-
ditions (different current and fixed drain voltage). It is worth
noting that the frequency-dependent resistance R, has been
averaged over the frequency range from 7 to 17 GHz and
optimized. However, the averaging will not give as good
a result as expected for a wider range, and the frequency
dependence must be included.

The frequency-dependent resistance R, is dependent on
bias conditions as it depends on the mobility, electrical
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freq (500.0MHz to 17.00GHz)

FIGURE 5. Comparison of S-parameters between experimental
data (circle) and simulation data (line) by using the proposed model at
Vd = 16V Id = 392 mA.

P =
- . .
r rd N
Var VN
/ Em 522 1
/ 8042 | 3
W
g
[
o)
vé

/
/
/
g)'i . /
7

¥req {500.0MHz lo 17.00GHz)

FIGURE 6. Comparison of S-parameters between experimental
data (circle) and simulation data (line) by using the traditional model at
Vd = 12V Id = 385 mA.
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FIGURE 7. Comparison of S-parameters between experimental
data (circle) and simulation data (line) by using the proposed model at
Vd = 12V Id = 385 mA.

field, and electron concentration. Table 1 shows that with
current decreasing caused by carrier concentration decrease
due to the different gate voltage, the output resistance Ry
increase. However, the frequency-dependent R, declines.
This decrease is related to two possible reasons. First, the
term cos(wt+1/2), the time here, is the extracted time delay,
increasing proportionally to the current. At low current, the
time delay reduces, causing the cosine term to approach one
cos(wt + /2) = 1. This, in turn, increases the conductance
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and reduces the corresponding resistance. Second, electron
mobility may affect the frequency-dependent resistance. As
seen from equation (22), the frequency-dependent resis-
tance is inversely proportional to electron mobility. At the
high current, the dissipation power increases propositionally.
This, in turn, increase the channel and carrier tempera-
ture. The increase in the temperature sharply reduces the
mobility and, as a consequence, increase the frequency-
dependent output resistance. As it seen from the Table 1 the
frequency-dependent resistance decreases with output power
decreasing.

IV. CONCLUSION

A modified intrinsic small-signal equivalent circuit has been
developed. The model considers the drift velocity nonlin-
earity and, as a consequence, the high-frequency dispersion
of the channel resistance. Comparison with measured S-
parameter shows that the consideration of channel resistance
dispersion increases the model’s accuracy by approximately
7% compared to traditional small-signal models.
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