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Abstract: In this paper, we propose an analytical approach for the small-signal response of nanometric InGaAs
diode which is extracted to the transistor model in ref [1] when the gate is taking away. The exploitation of
the small-signal equivalent circuit elements such as the admittance parameters can give significant information
about the noise level of the devices by using the Nyquist relation. The analytical model takes into account the
longitudinal and the transverse electric fields through a pseudo two-dimensional approximation of the Poisson
equation. For the transistor, the total currents -potentials matrix relation between the gate and the drain terminals
determine the frequency-dependent of the small-signal admittance response. The noise calculated by using the
real part of the transistor/diode admittance under a small-signal perturbation. The results show that the admittance
spectrum exhibits a series of resonant peaks corresponding to the excitation of plasma waves. The appearance
of the resonance is discussed as functions of the device geometry (devices length) and the operating temperature.
The model can be used, on one hand; to control the appearance of the plasma resonances, and on other hand; to

determine the noise level of the InGaAs transistor and diode for the terahertz detection.
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1 Introduction

In the last years, two devices such as the nanodi-
ode and the transistor have shown a great potential
application for the terahertz frequency range. As a
new type, the InGaAs transistors (high mobility elec-
trons transistors HEMT) have become interesting de-
vices for terahertz (THz) applications as detectors and
emitters working at room temperature [2]. In particu-
lar, the modern InGaAs transistors have emerged as
important competitors due to the existence of THz
plasma wave oscillations in the channel [3], [4]. In
addition, the unipolar nanodiode has shown experi-
mentally a good responsivity and noise properties for
microwave and terahertz detection [5].

One of the most important microwave charac-
terizations of HEMT transistors is based on the de-
termination of the small-signal equivalent circuit el-
ements such as the admittance parameters of their
three-terminals. The analysis of the complex admit-
tances provides important information about the high-
frequency current noise of the transistors. The admit-
tance studies can perform the dynamic regime of the
electrons behavior under small-signal perturbation.

Moreover, when we increase the distance
channel-gate the behavior of the transistor tends more
and more to behave as a diode. This modification
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leads to obtain an ungated transistor, in other physical
description; the device becomes a channel diode with
two terminals (cathode and anode). In particular, the
ungated transistor idea can over the parameters cal-
culations aspect of unipolar diode. The small-signal
diode investigation has directly obtained from the an-
alytical transistor approach by considering a high dis-
tance value between the gate and the channel. More
recently, the calculation of the admittance and the
noise spectral density in the unipolar diode has useful
to simulate the voltage oscillation [1] and to determine
the minimum detectable power in terahertz radiations

[5].

In this article, we present the small-signal admit-
tance response and the noise spectrum calculation in
InGaAs transistor and unipolar diode by using an an-
alytical model. The analytical approach based on the
linearization of Poisson equation, and applied to ob-
tain the currents-voltages matrix relation describing
the behavior of the devices in the terahertz frequency
small-signal regime.

The matrix determines the admittance at the gate,
drain and gate-drain terminals when the gate covers
the total channel of transistor (for gated transistor).
The parameters of the unipolar diode, noise and ad-
mittance, are determined by considering the channel-
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Figure 1: Structure representation of the field-effect
transistor of channel length L, channel thickness § and
gate to channel distance d. Ayg, Ay, and Ay, are
the amplitudes of the drain, gate and source oscilla-
tions, respectively.

gate distance tends to infinity (case of ungated tran-
sistor). In addition, the model uses the real part of the
admittance and the Nyquist relation to determine the
noise spectral density in the devices.

The article discussed the influence of the geo-
metrical devices parameters (diode length or chan-
nel length) and the operating temperature on the ad-
mittance and electronic noise results. Moreover, the
model gives a comparison between the resonances ob-
tained by the diode and the transistor devices.

1.1 Response of High Mobility Transistor

In this section, we interest to evaluate the small-signal
currents-voltages matrix for the HEMT transistors.
The description of the transistor characterization is
obtained by an analytical model under a continuous
branching of the current between the channel and the
gate.

We consider that the gate covers the total channel in
the structure of figure 1.

The transistor structure is reported schematically
in figure 1 where the channel is characterized by the
length L and the thickness 9, d is the channel-gate
distance, Agg, Ay, and Ay, are the fluctuating volt-
ages at the drain, the gate and the source respectively.
In this approach, we assume that the channel is sub-
divided into n cells of length Az connected in series
and that the current flows along the channel in the one-
dimensional direction (1D). In addition, the model
takes into account the displacement currents which are
described by the local capacitance between the chan-
nel and the gate, and considers the drift current only in
the channel related to the carrier velocity (the vertical
charge transport from the gate is absent). The volt-
age distribution along the channel Ay, is described
by a one-dimensional Poisson equation approximated
as [6], [7]:
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where A = /€g4/€e.do is the plasma wavelength
and €. 4 is the dielectric constants in the channel and
in the dielectric between the channel and the gate, re-
spectively. For the equation (1) we take into consid-
eration the potential boundary conditions Ap(xz = 0)
and Ap(x = L) which are equals to Ay and Agpy,
respectively [7]. By using the conservation law of the
displacement and drift currents and going to the spec-
tral representation, the charge density p>” can be writ-
ten as [7], [8]:

10 ;
3D _ A -dri ft 2
p o5y e (@) )
The drift current along the channel is obtained

from the free carrier flow under an applied voltage as
[4]:

2
A w 0
A -dri ft _
Je " (x) €e€o w4+ v oz

Ap(z)  (3)

where w, = / e?ng/ege.m* is the free-carrier 3D
plasma frequency in the channel, v is the relaxation
rate and ng is the donor concentration in the channel.

By including equations (3) and (2) into equation
(1), the voltage fluctuations in the channel are given
by:

2

0
5.2 0¢(@) + 5 (Apy = Ap(z) =0 &)

where 52 = A2 | (iw(iw + 1)) / (R + iw(iw + v))|.
The gate and channel currents are calculated from the
potential Ap(x) which is obtained by a general solu-
tion of equation (4). Therefore, the solution of equa-
tion (4) is proportional to the homogeneous solution
of second differential order equation.

The total current along the channel is determined
by the displacement and drift current components [7],

[8]:

A]c($) = _EOEC(iw)aaxA(P(x) + Ajgrift(x)
(%)

The displacement and the drift currents are given
by the first and the second terms of equation (5), re-
spectively where the drift current is obtained by equa-
tion (3). In addition, the equation (5) can determine
the current at the channel terminals, the drain and the
source currents (Aj; and Aj,), which is given by Ajy
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and Aj, corresponding to x = L and x = 0 respec-
tively.

The gate current equals to the displacement cur-
rent as [3]:

eqco (L O

Ajg(z) = B N

[Apg — Ap(z)]dx (6)
By using equations (5) and (6), we obtain the currents-
voltages relations at the drain-gate terminals which
can be represented in a matrix form [9]:

Ajaw) | _ [ Y Y12 Apg(w) 7
Ajg(w) Yor Yoo Apg(w)

The detailed expressions of the matrix elements

are: Y, = ’yzf;fbgﬁ, Yio = Yo = 7%’
2

Voo = 205 e s~ ey 8 ang

a=wl/ [wg + iw (iw + V)} Here the elements Yj;
are the admittances of the drain, the drain-gate, the
gate-drain and the gate for 5 =11, 12, 21 and 22, re-
spectively.

The source-drain matrix relation is obtained as

Ajw) | v ([ enBL -1
Aja(w) | ~ shBL

The equations (7) and (8) represent the analyti-
cal basis for the response characterization of the tran-
sistor. Therefore, we can obtain the related admit-
tance to the plasma wave excitation in the terahertz
frequency range. for the characterization of the tran-
sistor in small-signal regime, we calculate and discuss
the modulus of the admittances at gate-drain terminals
by using equation (7).

In other hand, for the unipolar diode characteri-
zation we evaluate the admittance at the drain-source
terminals by using equation (8) and we consider high
d value (d — o0).

2 Admittance Response of the Ho-
mogenous InGaAs Diode

Let us examine the modifications introduced by the
gate-channel distance d in figure 1, when the gate is
moved away from the channel the transistor behav-
ior becomes more and more similar to that of the
diode. Moreover, this consideration (d — 00) leads
to use the analytical model described in section 2 for
the unipolar diode characterization. In absence of the
gate, the transistor terminals : source, drain and gate
corresponding to anode, cathode for the diode termi-
nals, respectively. Therefore, the admittance terms of
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the diode are obtained by equation (8) where the ma-
trix elements are simplified as: Ajs = YinodeAps
and Ajg = YeathoaDwg. According to equation (8)
the admittances of the anode and the cathode are sim-
phﬁed by Yanode = —Yeathode = Y11

3 Spectrum Noise

In the thermal equilibrium, the regular and sponta-
neous small-signal responses calculated, respectively,
by the real part of admittance and the Nyquist relation
as [9]:

ASY; = AKTRel[Yi;(w)] )

The equation (9) can describe the spectral density
of the current noise when we introduce the real part of
the admittance.

4 Results and Discussion

In order to extract the admittance behavior, we con-
sider an InGaAs transistor with channel length L =
400 nm, channel concentration ng = 8x10'7 cm3,
thickness 4 = 15 nm, distance channel-gate d = 10
nm and relaxation rate corresponding to room temper-
ature v = 3x10'2 s!. For the diode calculations, we
keep the same parameters as the transistor and we take
the channelgate distance tends to infinity (d — 00).

The results in this section present the frequency
dependence of the admittance modulus |Y;| in the In-
GaAs HEMT transistor and unipolar diode. We dis-
cuss only the admittance Y7; and Y15 spectrum since
Y12 = Y1 = —Ya9/2 (see the detailed expressions of
the matrix of equation (7)).

4.1 Transistor and Diode Admittance Com-
parison

Figure 2 shows the modulus of the admittance cal-
culated for the transistor with d = 10 nm and for
diode with d — oo. We remark a series of res-
onance peaks (solid line) due to the thermal excita-
tion of plasma waves. The resonance frequency po-
sitions can be calculated by the analytical expression
Wres = wpk/\/(AL/m)? + k where k = 0, 1, 2, 3,
4... In particular, the admittance modulus |Y71| takes
all the plasma resonance of fundamental excitation for
k =0, 1, 2, 3, 4 corresponding respectively to 1, 2,
2.7, 3.6, 4.3, 5, 5.6 and 6 THz. However, the res-
onance peaks of the |Yio| admittances present only
the odd resonance corresponding to k =1, 3, 5, 7....
Therefore, the drain terminal stimulation can excite
all plasma modes (see spectrum), on the contrary, a
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Figure 2: The admittance modulus |Y;;| calculated for
the transistor and diode. With L = 400 nm, ng =
8x 1017 cm?, v = 3x10'2 s, d = 10 nm for the tran-
sistor and d — oo for the diode.

uniform excitation along the channel cannot stimulate
even modes.

For the case of diode (d —> 00), we observe that
the appearance of the resonance peaks decreases when
the gate effect becomes less and less evident (when the
gate is moved). In addition, the diode behavior tends
to suppress the resonance peaks due to the change of
plasma wavelength by the form A = /e;/€4dd. In
this case, the resonance of the diode is proportional
to free carrier plasma frequency wyes = w), (the reso-
nance is related to the concentration ng).

4.2 Device Length Effect

The figure 3 presents the dependence of the transistor
admittance to the channel length L.

We remark that increasing the channel length
modifies the frequency position and the quality of the
resonances. Indeed, the resonances become less ev-
ident and more resonances appear in the same fre-
quency range when the channel length increases to
800 nm. Physically, the resonance frequencies is in-
versely proportional to the channel length (wpes o
ﬁ ), this means, that the doubling of the channel
length reduces by one half the resonance frequencies
as clearly seen by comparing the continuous with the
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Figure 3: Frequency dependence of the transistor ad-
mittance modulus |Y;| calculated for different chan-
nel lengths L. With v = 3x10'? s' and d = 10 nm.

dashed lines in Fig. 3.

Figure 4 presents the dependence of the admit-
tance on the channel length variation in the InGaAs
diode when we consider the distance channel-gate
tends to infinity (d — 00).

We observe that the admittance exhibits a reso-
nance peak at 9 THz and 8 THz for the channel length
400 nm and 800 nm respectively. However, an in-
creasing of the channel length to 800 nm leads to in-
crease the sharpness of the resonance peaks.

By considering ungated transistor (d — 00), its
effect on the channel weakens and the longitudinal

: : Lo 9PAp(x)
term in Poisson equation —5 5~ becomes stronger
relatively to the transverse term SAg(x), leading to
weaker resonances at higher frequencies.

4.3 Relaxation Rate Effect

In this section, we investigate the small-signal re-
sponse of the transistor terminals for two relaxation
rate values 2x 10'? and 3x 102 s~!. The relaxation
rate is related to the mobility p through the relation
v = g/m*p where m* is the effective masse. The
electron mobility as well as the relaxation rate de-
pends strongly on the temperature. The figure 5 il-
lustrates the frequency behavior of the small-signal
admittance response for the relaxation rate values
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Figure 4: Frequency dependence of the diode admit-
tance |Y;;| calculated for different diode length. With
v =3x10"s! and d — oo.

3x10'2 and 2x10'% s~! corresponding to 300 and
200 K, respectively.

The low relaxation rate 2x 10'2 s~1 increases the
quality of the resonance without introducing modifi-
cation of the periodic oscillations of the peaks.

The figure 6 presents the admittance behavior of
the InGaAs diode for two relaxation rate 3x 102 and
2x1012 571,

The low relaxation rate, on one hand, increases
the admittance spectrum in low frequency and, on the
other hand, increases the resonance peak near 9 THz.
The transistor admittance spectrum presents a high os-
cillation compared to diode admittance.

1

4.4 Noise Spectrum

The noise spectrum is evaluated for the InGaAs tran-
sistor and unipolar diode by using equation (9). The
figure 7 presents the current spectral density of drain
and cathode in left and right of the figure respectively.

The current spectrum in figure 7 is calculated for
7 = 1 in equation (9) and by using the admittance Y7
at moderate temperature 300 k. The results of figure
7 (figure right) are similar to that calculated by the
hydrodynamic equations in Ref [4]. We observe that
the spectral current density exhibits resonance peaks
corresponding to the plasma oscillations in the chan-
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Figure 5: Frequency dependence of the transistor ad-
mittance modulus |Y;;| calculated for different relax-
ation rate value. With d = 10 nm and L=400 nm.
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Figure 6: Frequency dependence of the diode admit-
tance modulus calculated for different relaxation rate
value. With d — oo and L=400 nm.
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Figure 7: Spectral density of drain current fluctuations
evaluated for different length values L. With d = 10
nm for the transistor, d — oo and L = 400 nm.

nel. The resonances in figure 7 are similar to that ap-
peared in the admittance curve and depends on the
channel length by w,es form. Therefore, the length
effect on the current spectrum curve is discussed be-
fore for the admittance in figure 3. The increasing of
the length channel increases the number of the reso-
nance due to the increasing of the free carrier plasma
frequency (wp). For the diode with L = 400 nm, the
spectral current density exhibits an initial growth pro-
portional to w? followed by two resonant peaks in the
low and high frequency regions corresponding to the
hybrid plasma resonance frequency (the appearance
of homojunction). The appearance of the resonance
peaks in the InGaAs diode is discussed in Ref [10].

5 Conclusion

We have investigated the small-signal response of the
HEMT transistor and the homogenous diode (ungated
transistor) in the THz range by using an analytical
model. The approach takes into account the physi-
cal description of the drift carrier along the channel
and the higher distance channel-gate supposition for
the transistor and diode characterization, respectively.
The drain admittance takes all the plasma resonances
of fundamental excitation corresponding to k = 0, 1,
2, 3, 4.. while the gate and the drain-gate admittances
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present only the odd resonances. The behavior of the
2D electron gas in the transistor tends to the one of
an ungated plasma, this leads to the appearance of a
one resonance for the diode admittance spectrum. An
increase of the channel length from 400 to 800 nm
increases the oscillation and the number of the res-
onances in the devices. In addition, the decreasing
of the relaxation rate to 2x10'2 s~! introduces an in-
creasing of the resonance amplitude without modifica-
tion on the frequency position of the peaks. Moreover,
the noise spectral density exhibits a series of reso-
nance peaks for the transistor and less resonance when
we neglect the gate effect (case of diode). The series
resonance peaks demonstrates that, in the frequency
range from one to 10 THz, the transistor is more effi-
ciency for the detection compared to the diode. There-
fore, the discussion of the noise results can give sig-
nificant information about the devices as detectors in
high frequency.
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