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The responsivity and the noise of a detector determine the sensitivity. Thermal energy usually affects both the re-
sponsivity and the noise spectral density. In this work, the noise characteristics and responsivity of an antenna-coupled Al-
GaN/GaN high-electron-mobility-transistor (HEMT) terahertz detector are evaluated at temperatures elevated from 300 K
to 473 K. Noise spectrum measurement and a simultaneous measurement of the source—drain conductance and the terahertz
photocurrent allow for detailed analysis of the electrical characteristics, the photoresponse, and the noise behavior. The
responsivity is reduced from 59 mA/W to 11 mA/W by increasing the detector temperature from 300 K to 473 K. However,
the noise spectral density maintains rather constantly around 1-2 pA/ Hz'/? at temperatures below 448 K, above which the
noise spectrum abruptly shifts from Johnson-noise type into flicker-noise type and the noise density is increased up to one
order of magnitude. The noise-equivalent power (NEP) is increased from 22 pW/ Hz'/? at 300 K to 60 pW/ Hz'/? at448 K

mainly due to the reduction in mobility. Above 448 K, the NEP is increased up to 1000 pW/ Hz'/? due to the strongly

enhanced noise. The sensitivity can be recovered by cooling the detector back to room temperature.

Keywords: terahertz detection, gallium nitride, noise spectrum, responsivity

PACS: 85.60.Gz, 72.80.Ey, 81.40.Gh, 87.50.U-

1. Introduction

Terahertz electromagnetic wave spectra contain broad
information in physics, chemistry, and material construc-
tion. Terahertz science and technology have made re-
markable progress in various applications, such as space
detection, biomedical diagnosis, security screening, and
communication.[' A terahertz application system always
contains at least one emitter—detector chain. The figure-of-
merit of the emitter—detector chain affects the performance
of the system. Hence, the terahertz source and detector im-
plemented in the chain are the two most important devices
as the physical base of the system. Once the emitter power
is fixed, the detector sensitivity becomes the key factor af-
fecting the signal-to-noise ratio. The detector sensitivity is
guaranteed not only by the detection mechanism, but also by
the device design and the characteristics of the electronic ma-
terial implemented. In terahertz applications, detectors may
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be placed in harsh environments, for example at temperatures
higher than the ambient temperature. For high-sensitivity ter-
ahertz detectors, one of the limiting factors is the detector
noise which is usually dominated by the thermal noise, ¢! shot

noise,!”! flicker noise, 819

etc. The lower the noise is, the
higher the sensitivity that could be achieved. Understand-
ing the noise characteristics of a terahertz detector at elevated
temperatures is essential for enhancing the sensitivity. Previ-
ously, Hou ef al.!''l reported GaN-based terahertz detectors
operated at 0.14 THz based on Seebeck effect by elevating the
temperature. They showed the advantages of the detectors at
high temperature and the analysis of physical mechanism re-
sponsible for the temperature dependence of responsivity and
noise-equivalent power (NEP). However, more details on the
electron density, mobility, threshold voltage, and connection
between sensitivity and responsivity and noise characteristics
were not discussed. In our previous work, 2 antenna-coupled
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AlGaN/GaN high-electron-mobility-transistor (HEMT) detec-
tors operated at 0.34 THz, 0.65 THz, and 0.90 THz offered in-
creased sensitivities due to the enhanced responsivity and re-
duced noise at 77 K, allowing for sensing of incoherent black-
body emission. Here, in this work we report the reduction in
sensitivity of a similar detector designed for 0.34 THz based
on self-mixing mechanism by elevating the detector temper-
ature from 300 K to 473 K. The temperature-dependent mo-
bility, responsivity, and noise spectrum are characterized to
reveal the corresponding contributions to the sensitivity reduc-
tion.

2. Device model and experiment setup

By using a similar detector design based on AlGaN/GaN
two-dimensional-electron-gas (2DEG), and a fabrication pro-
cess reported in Ref. [13], the antenna-coupled AlGaN/GaN-
HEMT detector has a center response frequency around
0.34 THz and partial views of the optical micrograph can
be seen in our previous work.!?! As schematically shown in
Fig. 1(a), the detector is operated with a proper gate volt-
age (Vi) as a self-mixing device which converts the inci-
dent terahertz power with the electrical polarization along the
channel into a direct-current photocurrent (iy) flowing from
the source to the drain. When the photocurrent (it) is read
out by a current preamplifier, the detector can be modeled
as a short-circuited current source with internal impedance
R =1/Gy =L/WuCs (Vg — Vru) and series resistance 2ry,
as shown in Fig. 1(b), and the measured photocurrent is al-
ways less than the internal photocurrent: it = ip/(1+2r;Gy).
Parameters L and W are the length and width of the channel
controlled by the gate, respectively. Cg ~ 0.40 uF/ cm? is the
gate-channel capacitance per unit area, U is the electron mobil-
ity, and Vy stands for the threshold gate voltage to deplete the
channel. According to the detector model,!'*-1¢! the external
photocurrent generated with zero source—drain bias can be de-
scribed as it = A - & - Pry,, where antenna factor A counts for
the conversion factor contributed by the antenna which cou-
ples the incident terahertz wave into the gated electron chan-
nel, field-effect factor £ = (1 — 2r;G) x dG/dV counts for
the conversion factor contributed by the field-effect gate which
mixes the terahertz fields and generates a DC photocurrent,
and Pry, is the total terahertz power received by the detec-
tor. The responsivity (R;) of the detector can be obtained ac-
cording to R; = it/Pru. The sensitivity in terms of the noise-
equivalent power is limited by the noise current (i;,) seen by the
current preamplifier: NEP = i, /R;. In our case where there is
no external source—drain bias applied, the thermal noise is the
dominant noise source and can be expressed as i, = v/4kgT G,
where T is the detector temperature.

To characterize the above detector, a measurement setup
schematically shown in Fig. 1(c) is used. It is designed so that

the source—drain differential conductance G =1/(1/Goy+2r1)
and photocurrent it can be measured simultaneously. The
source—drain differential conductance is obtained by using
lock-in amplifier #1 (Signal Recovery 7265) which outputs a
small-amplitude sinusoidal signal (Vips = 10 mV, f3s =37 Hz)
and measures the output from the current preamplifier at the
same frequency. By multiplying a microwave signal (9-
14 GHz, 5 dBm) with a factor of 27, the terahertz source gen-
erates terahertz radiation with frequency from 0.243 THz to
0.378 THz and a power below 300 pW. By on—off (50% duty
cycle) modulating the microwave signal and hence the tera-
hertz power at fy = 3177 Hz, the photocurrent can be ampli-
fied by the same current preamplifier and then measured by
lock-in amplifier #2 (Signal Recovery 7265) at fyy = 3177 Hz.
In order to obtain the noise spectrum from the detector in a
frequency range from 200 Hz to 100 kHz, a signal analyzer
(Stanford Research System 770) is used to analyze the signal
from the current preamplifier.

In our experiment, the detector chip is directly attached
to an insulated electrical heater. A thermoelectric couple inte-
grated within the heater is monitored by a FLUKE 17B digital
multimeter. By applying a DC voltage to the heater, the de-
vice temperature can be tuned from 300 K to 473 K. It has
to be mentioned that to calibrate the responsivity of such a
bare detector chip, we need to estimate the received terahertz
power (Pry,). The procedure is as follows.[!!l The effec-
tive detector area is assumed to be A /2 x A /2. The terahertz
beam with a total power of Ps is raster scanned by the detec-
tor with a step size of A /2 in both x and y directions. The
sum of the raster scanned detector signal (i(m,n)) is propor-
tional to the total power and the responsivity Y. i(m,n) = R;Ps.

m,n

The detector location is then adjusted to the center of the

beam to maximize the photocurrent which can be expressed

as it = R;Pry,. Hence, the received terahertz power is esti-

mated by Prp, = Psit/ Y, i(m,n). Although this method is
m,n

widely used for calibration purposes, large uncertainty in the
estimated terahertz power exists as the detector area may dif-
fer from A2 /4. In contrast, integration of the detector with
a silicon lens allows for a direct characterization of the opti-
cal responsivity/NEP without the need to estimate the actual
absorbed terahertz power. This is based on the fact that a hy-
perspherical silicon lens can focus the incident terahertz beam
into a spot with its size close to the effective area of the an-
tenna and the terahertz power absorbed by the detector could
be maximized. Since the detector needs to be heated in our
experiment, integration of the detector chip with a silicon lens
may encounter unexpected problems at elevated temperatures,
e.g., possible detachment of the detector chip from the silicon
lens, or detachment of the silicon lens from its fixture.
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Fig. 1. (a) Device structure and (b) equivalent circuit of the AlIGaN/GaN-HEMT. (c) A schematic setup for simultaneous measurement of the

differential conductance and self-mixing photocurrent.

3. Results and discussion

The AlGaN/GaN-HEMT detector survived after four full
thermal circles and each circle actually took about 5 h with
a heating rate of 0.43-0.73 K/min from 300 K to 473 K.
When the detector temperature is elevated, the source—drain
conductance decreases as shown in Fig. 2(a). Along with the
decrease of conductance, the threshold gate voltage is rather
stable around —3.72 V except that it starts to shift to more
negative gate voltages when the temperature is above 423 K,
as shown in Fig. 2(b). The gate current is also monitored at
different temperatures. A transition in the slope of the gate
leakage current versus temperature occurs around the same
temperature of 423 K. The related behaviors of the thresh-
old voltage and leakage current infer that the electron den-
sity in the channel is fairly unchanged by the temperature be-
low 423 K.'7181 In contrast, the electron mobility decreases
with a 7—3/2 dependence for phonon dominated scattering, [*]
which leads to the result that the conductance is more sensi-
tive to changes of temperature. The inset of Fig. 2(a) shows
the temperature-dependent conductance with a zero gate volt-
age and it can be fitted well with an exponential curve G =
2.22exp[-T/(376.97 —273.15)] + 0.02 [mS].
show in the following, the change in conductance is mainly

As we will

caused by the degradation in electron mobility.

According to the self-mixing model, the photocurrent as
a function of the gate voltage is proportional to the field-effect
factor. This characteristic is well confirmed by comparing the
photocurrent data obtained at various temperatures shown in
Fig. 2(c) with the conductance data shown in Fig. 2(a), i.e.,
the maximum photocurrent always occurs at the gate voltage

where field-effect factor £ is maximized. The maximum pho-
tocurrent has a direct connection with the magnitude of the
channel conductance while the variation in the antenna fac-
tor due to the temperature change can be neglected. This is
verified by examining the normalized photoresponse spectra
at different temperatures. As shown in Fig. 2(d), the detec-
tor shows a stable response spectrum with a peak response
around 0.33 THz which is in good agreement with the 0.34-
THz-antenna design. Hence, the observed temperature depen-
dence of photocurrent is mainly caused by the field-effect fac-
tor.

A procedure similar to that described in Ref. [14] is ap-
plied to extract channel conductance Gy(Vg) and series resis-
tance 2r; from the data shown in Fig. 1(a). Since the electron

density, which can be described as!!!

C(;T]kBT VG — Vrn
=——>—In|l —
" e n[ +6Xp<nkBT/6>}

is a weak function of the temperature in the range from 300 K
to 473 K. The electron density at Vg = 0 V can be extracted
from the threshold gate voltage ny = CgVru/e at different
temperatures. Then the electron mobility at different temper-
atures is estimated from the conductance at Vg =0 V, i.e.,
U =Go(Vg =0)L/(Wnpe). As shown in Fig. 3 (a), the elec-
tron mobility decreases with the elevating temperature while
the electron density is rather constant around 1 x 10'3 cm~2.
The above procedure also gives the optimal gate voltages for
the maxima of field-effect factor, i.e., the maxima of =. As
shown in Fig. 3(b), the extracted optimal gate voltages well
agree with the measured optimal gate voltages in Fig. 2(c).

058501-3



Chin. Phys. B Vol. 28, No. 5 (2019) 058501

(a) 2 @Vg= 0V
— 300 K E i;);penmem
0.2L—333 K :
—352 K E
2 — 378 K :
E | —403 K © 300 360 420 480
8 T/K
3! — 416 K
g — 434 K
k3 — 448 K
S 0.1f
] —459 K
5 — 468 K
L
476 K
0 % L
-5 —4 _3 ) 1 0
Gate voltage/V
800
L (0) ——300 K
—333 K
—352 K
<é o0or —378 K
= i —403 K
g ——416 K
£ 400} — 434 K
5 —448 K
£ I —— 459 K
—468 K
=
A 200 —473 K
0
, 1 , 1 . | ) | )

Gate voltage/V

Threshold gate voltage/V

Nomalized photocurrent

-35 J108
E \
L l—-7l~.,.-l—l——-l'l'.\'--‘ . g
4102 ‘
—4.0F (b) <
] ~
1 g
—4.5}F % 3
1 3
;100 éo
—5.0f ] E
41071 ¢
. ] 2
4 @
—5.5L1 N 1 N 1 N 1 N [ 1 N 10-2 (@)
300 330 360 390 420 450 480
T/K
I (d) —300 K
1.00 —321 K
0.75
0.50
0.25
0_|.||.|.3|. g
240 260 280 300 320 340 360 380
Frequency/GHz

Fig. 2. (a) Measured source—drain differential conductance as a function of the gate voltage at different temperatures from 300 K to 473 K.
(b) Threshold gate voltage and leakage current at Vg = —5 V. (c) Measured photocurrent as a function of the gate voltage. (d) Normalized
self-mixing photocurrent at the optimal gate voltage as a function of the terahertz frequency.
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From the peak photocurrent, the responsivity can be cal-
ibrated. As shown in Fig. 4(a), the responsivity decreases

linearly with the temperature below 448 K, which is in ac-
cordance with the decrease in electron mobility. It is found
that the responsivity decreases from 59 mA /W at 300 K to
11 mA/W at 473 K. Within the temperature range, a rise in the
thermal noise could be expected. However, due to the decrease
in electron mobility, i.e., an increase in the channel resistance,
the overall thermal noise is kept stable around 1-2 pA/Hz!/2
in the temperature range from 300 K to 448 K, as shown in
Fig. 4(b). Detailed noise spectra at different temperatures are
shown in the inset. The flicker noise can be seen with fre-
quency below ~1 kHz. Above 1 kHz, the noise is of ther-
mal noise type at temperature below 448 K. Above 448 K, the
detector shows a very different noise characteristic, i.e., the
noise spectral density is increased by one order of magnitude
within the whole frequency range (up to 100 kHz). As shown
in Fig. 4(b), the calculated thermal noise based on the mea-
sured detector resistance and the temperature can be described
as in e = V4kgTG. It is much lower than the measured total
noise. Obviously, this enhanced noise is different from ther-
mal noise. The observed noise at temperatures above 448 K is
more like a flicker noise. The enhanced noise may be related
to the gate leakage current and or the interface states in the Al-
GaN/GaN heterostructure. It has to be noted that the detector
sensitivity can be recovered by lowering the temperature from
473 Kto 300 K, i.e., no damage is made by heating the detec-
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tor in air up to 473 K. However, at this moment the origin of
this excess noise is not yet clear. To figure out the origin, more
experiments are required in the future.
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Fig. 4. (a) Maximum responsivity measured as a function of elevated
temperature. (b) Noise spectra at elevated temperatures under an opti-
mal gate voltage. (c) The experimental and theoretical noise equivalent
powers of terahertz detector as a function of temperature from 300 K to
473 K.

Nevertheless, a demarcation temperature Tp = 448 K can
be identified above which the detector behaves in an abnormal
state. Below this temperature, the noise is relatively constant
on the order of 1-2 pA/Hz'/? while the responsivity decreases
linearly with temperature due to the falling of the conductance.
As a result, the measured NEP as shown in Fig. 4(c) increases
from 22 pW/ Hz'/? t0 60 pW/ Hz'/? when the temperature is
tuned from 300 K to 448 K. Hence, the increase in NEP by a

factor of 2.7 is mainly caused by the decrease in responsivity
from 300 K to 448 K. Moreover, with the increase of temper-
ature from 300 K to 448 K, the electron mobility decreases
by a factor of 2.9 from 1748 cm?/V -s to 597 cm?/V -s. The
conclusion can be drawn that the decrease in the sensitivity of
the detector is due to the reduction of electron mobility in the
channel.

NEPs at different temperatures are calculated based on
the theoretical thermal noise and compared with the measured
values, as shown in Fig. 4(c). Good agreement can be seen at
temperatures below 448 K. Above 448 K, the measured NEP
increases sharply owing to the increased unknown noise but
not the responsivity.

4. Conclusion

The dependences of responsivity and noise character-
istic of AlGaN/GaN HEMT detectors on temperature have
been studied by varying the temperature between 300 K and
473 K. The detector survives after four full thermal cycles.
AlGaN/GaN-HEMT terahertz detectors are promising for ap-
plications at high ambient temperatures. A demarcation tem-
perature around 448 K is identified. Below this temperature,
the detector can be reliably operated and the sensitivity is lim-
ited by the thermal noise about 1-2 pA/Hz'/2. When the tem-
perature is tuned from 300 K to 448 K, the decrease in the
detector sensitivity by a factor of three is due to a reduction
of electron mobility in channel. When the detector tempera-
ture crosses the demarcation temperature, the noise shows an
abrupt change from thermal-noise type into flicker-noise type.
Further experiments would be required to uncover the origin
of the observed strongly-enhanced noise at temperature above
448 K.
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