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ABSTRACT In this paper, we investigate the electrical characteristics of AlGaN/GaN HEMTs at the
lowest temperature of 20 K. The measurement results indicate that the output current of the device
decreases significantly with increasing temperature at temperature ranging from 40 K to 260 K, and the
saturation drain current decreases by 19%. The gate leakage current rises slightly when the temperature
increases. However, both the transfer and C-V characteristics indicate that the threshold voltage shift
slightly in a negative direction as the temperature rises. In order to determine the physical mechanism of
electrical characteristics change, the low-frequency noise (LFN) characteristics at different temperatures
were measured and the density of traps was extracted. Finally, we consider that there are two competing
mechanisms affecting the electrical characteristics of devices. The trap density reduction caused by
temperature rise leads to threshold voltage’s negative shift, while the drop of 2DEG mobility is the main

reason for the decrease of output current.

INDEX TERMS Low temperature, AIGaN/GaN HEMTs, LFN, traps.

I. INTRODUCTION

AlGaN/GaN HEMTs have a wide range of applications in RF
and high power fields due to their excellent material prop-
erties [1], [2], [3]. With the development of the aerospace
industry, AlGaN/GaN HEMT with excellent characteristics
has become an important candidate for the key components
of spacecraft power systems, communication systems and
radar systems. However, the extreme temperature variation
and extremely low temperature in the space environment
will put forward higher requirements for the reliability of
devices. As results, it is very important to study low tem-
perature reliability of AlGaN/GaN HEMTS and it is of great
significance to investigate the electrical characteristics and
carrier transport mechanism of devices at different ambient
temperatures to realize the aerospace application. There have
been several studies on the electrical characteristics and
mechanism of GaN HEMT devices from low temperature

(~100 K) to high temperature (~400 K). Zhao et al. [4]
investigated electrical characteristics of GaN devices at
temperature ranging from 223 K to 398 K. They also
concluded that the Schottky barrier height, series resistances
and gate leakage current are very susceptible to temper-
ature. Kim et al. [5] carried out research on AlInN/GaN
HEMTS’ electrical characteristics in the temperature range
of (210 K, 420 K). They concluded that saturation drain
current and maximum transconductance of the devices hardly
changes with temperature. Zhang et al. [6] have studied
physical mechanisms of reverse-bias leakage current in
Alg25Gag75N/GaN Schottky diodes in the temperature range
of 110K to 400K. Cuerdo et al. [7] studied the characteristics
of RF GaN devices in the process of going from 300
K to 100 K. They found that the transconductance, drain
current and cut-off frequency increased with the decrease
of temperature, which they attributed to the decrease of
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FIGURE 1. The schematic of cross section of DUTs.

optical phonon scattering at low temperature. But to date,
the effects of temperature on the electrical characteristics of
AlGaN/GaN HEMT in ultra-low temperature (~40 K) have
been rarely reported.

The electrical characteristics of AlGaN/GaN HEMT are
investigated with the temperatures at the lowest temperature
of 20 K in this paper. The C-V and LFN tests are also
carried out to analyze the physical mechanism of raps in the
devices at different temperatures.

Il. EXPERIMENTAL DETAILS

The device structure used for the experiment shown in Fig. 1.
Compared to traditional HEMT devices, this device has an
AIN spacer layer between the AlGaN barrier layer and the
GaN buffer layer. The thickness of barrier layer is 18 nm, the
thickness of spacer layer is 1 nm and the thickness of buffer
layer is 2 pum. The substrate is silicon carbide. The gate
Schottky contact metal electrode and the source-drain ohmic
contact electrode are composed of Mo/Ti/Au (30/40/300 nm)
and Ti/Al/Ni/Au (20/30/50/100 nm), respectively. The gate
width of the device is 1.5 mm, and the gate length is 0.5 pm.
The space between gate and source is 2 um and the space
between gate and drain is 5 um.

The I-V and C-V characteristics were measured by
semiconductor device analyzer (Keithley 4200) and the LNA
is measured by Low-Frequency Noise Analyzer (Keysight
E4727A). All I-V and C-V measurement are carried out
on the Lakeshore cryogenic vacuum probe station. In order
to ensure the extremely low temperature environment, the
devices must be sealed in a small test chamber and vacuum
treatment is required.

11l. RESULTS AND DISCUSSIONS

A. DC CHARACTERISTICS AT DIFFERENT TEMPERATURES
Fig. 2(a) is the output characteristics (I45-Vys) of the device
at different temperatures with Voo = 0 V and Vy, ranging
from 0 V to 10 V. From Fig. 2(a), it is evident that
the output current Ij; of the device decreases as the
temperature increases. The drain current under the condition
of V4o = 10V and Vg = OV is defined as saturation
drain current Igg max, Which is extracted and plotted with
temperature as the abscissa, as shown in Fig. 2(b). From
Fig. 2(b), It can be seen that the variation of Ig uux With
temperature is approximately linear. Ij 4 decreases by
170.8 mA from 870.4 to 699.6 mA when the temperature
rise from 40 K to 280 K.
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FIGURE 2. (a) Output characteristics, (b) saturated drain current and
(c) normalized mobility at different temperatures.

In the saturation region, the equation of Iys mayx is [8]:

M (Ves = Vi) (1)
where C,, is the AlGaN unit barrier capacitance. Using
the formula, the mobility at different temperatures can be
derived. The normalized mobility curve with temperature
is shown in Fig. 2(c). It can be found that the carrier
mobility decreases by 19% with increasing temperature,
which is consistent with [9]. This phenomenon indicates
that phonon scattering play a key role at higher temperature
among all scattering mechanisms, which is reported by
earlier research [10], [11].

The transfer characteristics (Izs—Vgs) are shown in
Fig. 3(a) with V43 = 5 V. Consistent with the output
characteristics, Iz, decreases with increasing temperature.
The inset of Fig. 3(a) is the square law extrapolation of the
transfer characteristics (I;S/z-Vgs), which is used to obtain
the threshold voltage Vi, [5]. The relationship between Vi,
and temperature is shown in Fig. 3(b). Apparently, V;;, has

Ids,max =
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FIGURE 3. (a) Transfer characteristics and (b) threshold voltage Vg, of
AlGaN/ GaN HEMTSs at different temperatures.
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FIGURE 4. The gate-to-source characteristics of AlIGaN/GaN HEMTs at
different temperatures.

a slight negative shift about —0.15 V with the increasing
temperature. It is generally considered that the negative shift
of Vy, is related to the rise of 2DEG concentration. The
more 2DEG concentration causes the device to require more
negative gate voltage to reach full depletion, resulting in
negative shift of Vy,. However, the shift of Vy;, is very small,
indicating that the increase of 2DEG concentration is not
large. The mechanism of 2DEG concentration increase will
be further analyzed in combination with low-frequency noise
measurement.

Gate leakage current at different temperature was also
measured as shown in Fig. 4. In order to show more
clearly the temperature dependence of gate leakage, the inset
amplifies the curve of I,; under the condition of Vg, from
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FIGURE 5. The C-V characteristics of AlIGaN/GaN HEMTs at various
temperature.

—1V to IV. It is obvious from the inset of Fig. 4 that
I4s increases with rising temperature. Considering that the
device used in this paper has an AIN spacer layer, so its
barrier height and width are larger than the conventional
AlGaN/GaN HEMT, the therminoic emission mechanism and
direct tunneling mechanism may not be the main leakage
current mechanism, because it is difficult for electrons to
obtain enough energy to cross the barrier or directly pass
through the barrier. Therefore, we believe that the dominant
mechanism of gate leakage current is FP trap assisted
tunneling, which has a positive correlation with temperature.
With the increase of temperature, trap assisted tunneling is
intensified, and the gate leakage current increases [6].

B. C-V CHARACTERISTICS OF THE ALGAN/GAN HEMTs AT
DIFFERENT TEMPERATURES

Fig. 5 shows the C-V characteristics of the device at
different temperature, which can be divided into three regions
according to the depletion state. The 2DEG accumulation
region, the 2DEG depletion region and GaN buffer layer
electron deep depletion region are shown in Fig. 5 from
right to left. The Region I indicates the accumulation of
2DEG at the interface when the gate voltage is changed
from negative to positive. Region II is the depletion zone of
2DEG, which reflects the gradual depletion of electrons from
the interface to the buffer layer. And it’s obvious that the
capacitance decreases with the reduction of gate voltage. The
depletion of 2DEG in the channel and the further depletion
of electrons in the GaN buffer layer are reflected in the
Region III. From Region II in Fig. 5, It is clear that the
curves shift negatively as the temperature increases, and
the threshold voltage also appears to drift negatively with
increasing temperature, which is consistent with Fig. 3. The
shift of the C-V curve is related to the interface state of the
insulating layer/AlGaN and AlGaN/GaN [12].

C. EFFECT OF TEMPERATURE ON LOW-FREQUENCY
NOISE

As an efficient and nondestructive analysis method, LFN
measurement can extract the defect density inside the device,
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FIGURE 6. The typical S;p//? at 10Hz versus Vgs—Vy, at different
temperatures.

and has been widely used in the field of GaN device failure
analysis in recent years [13], [14], [15], [16]. In order to
explore the temperature dependence of AlGaN/GaN HEMTs,
the low frequency noise spectrum at different temperatures
was obtained, and the drain current spectral noise density
(Sip) was measured at Vi = 0.1V as shown in Fig. 6.
There are two theories for low frequency noise, including
the An theory and Ap theory. In An theory, the low
frequency noise mainly comes from the fluctuation of carrier
number, while in Ap theory, carrier mobility fluctuation is
the main source of low frequency noise [17]. The carrier
number fluctuation can be derived as (2). However, the
An-Ap model is now commonly used in GaN devices when
the carrier number fluctuations induce noticeable changes in
the mobility. In this model, the relationship of normalized
drain current noise power spectrum density (S;p) and flat
band voltage spectral density (Syp,ef) is shown in (3) [18].

2

Sip &

2 Smg )
2 2 b

Idv Idx

Sip Lis\ 2

= (1 + ac//‘eﬁccox_s>7msvﬂ? 3)
Ids 8m Ids

The normalized S;p/I3; at 10 Hz is showed in Fig. 6
versus temperature.

Combining with (2) and (3), the Sjp /Ijs can be rewritten
as follows:

Sw &4
2 = ]TS vfb.eff “)
ds ds

Afterwards, the effective trap density (Nr.f) can be
obtained by using (5):

Supeff = @ KTANT ofp /WLf Co, o)

where . = 0.5 nm is the AlGaN/GaN conduction band
alignment [13]. According to (5), the S,p .y and the
extracted Nt . are shown in Fig. 7 at various temperatures.
From Fig. 7, the effective trap density decreases with
the increase of temperature. At lower temperatures, the
trap density decreased rapidly, but with the increase of
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FIGURE 7. The extracted S, g, ofr and Ny o4 at various temperatures from
LFN measurement.

temperature, the decrease rate gradually became smaller. This
result explains the negative shift of the threshold voltage.
The threshold voltage can be expressed by the following
equation [19].

gNyd> 3

o
3 AT (dg+ dy) ©6)
£0&r

£0&r

Vin=¢ — AEc —

where ¢ is the Schottky barrier height, o is the charge
density. It can be seen from Fig. 4 that the positive
gate leakage current curves at different temperatures are
basically parallel, so the Schottky barrier height at different
temperatures does not change much. Therefore, accord-
ing to (6), the change of threshold voltage is mainly
related to charge density. The decrease in the effective
density of traps in Fig. 7 leads to an increase in 2DEG
concentration, which induces negative shift of threshold
voltage.

D. PHYSICAL MECHANISM OF TEMPERATURE-
DEPENDENT ELECTRICAL CHARACTERISTICS

According to the LFN measurement, trap density of
AlGaN/GaN HEMT decrease as the temperature increases.
which leads to the increase of 2DEG concentration in the
channel. As shown in Fig. 8, as the temperature rises,
more and more captured electrons gain enough energy to
be released from the trap, replenishing the 2DEG. This
explains Vj’s negative shift. However, there is clearly
another dominant factor in the decrease of output current
I4s. From Fig. 2(c), the mobility drops significantly during
the process of temperature rise, which dominates the output
current degradation. The degradation of carrier mobility may
be attributed to acoustic phonon scattering [20], [21]. It is
believed that the loss of hot electron energy mainly comes
from phonons, and the electron mobility limited by phonons
inversely proportional to temperature.

IV. CONCLUSION

In this paper, we investigate the electrical characteristics of
AlGaN/GaN HEMTs at the lowest temperature of 20 K. By
measuring the DC, C-V and low-frequency noise character-
istics of the device at different temperatures, we find that /4
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FIGURE 8. The mechanism of the AlGaN/GaN HEMTs at different
temperature from LFN measurement. The filled circles represent occupied
states, and the empty circle the unoccupied state.

decreases, Vy shifts negatively, and I, increases as the tem-
perature increases. By the low frequency noise measurement,
the extracted effective trap density of AlGaN/GaN HEMT
decrease with the increasing temperature, which leads to the
threshold voltage’s negative shift. The degradation of I;5 can
be mainly explained by the reduced carrier mobility.
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