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An AlGaN/GaN high electron mobility transistor (HEMT) device is prepared by using a semiconductor nanofabrica-
tion process. A reflective radio-frequency (RF) readout circuit is designed and the HEMT device is assembled in an RF
circuit through a coplanar waveguide transmission line. A gate capacitor of the HEMT and a surface-mounted inductor on
the transmission line are formed to generate LC resonance. By tuning the gate voltage Vg, the variations of gate capaci-
tance and conductance of the HEMT are reflected sensitively from the resonance frequency and the magnitude of the RF
reflection signal. The aim of the designed RF readout setup is to develop a highly sensitive HEMT-based detector.
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1. Introduction

The GaN high-electron mobility transistor (HEMT) has
great potential applications in high frequency and high power
electronic devices.!!'=31 With the development of GaN tran-
sistor technology, the GaN HEMT has demonstrated its high
power density and high efficiency over the Si- and GaAs-based
radio-frequency (RF) and microwave transistors.*> Thus, for
the same output power, the reduction in device size can be
realized using GaN-based devices in place of conventional de-
vices. AlGaN/GaN heterostructure has the advantages of the
discontinuity of conduction band AE and large polarization ef-
ficient in nitride, which results in a large piezoelectric polar-
ization in the epitaxial layer of GaN.[%8! The high concentra-
tion of two-dimensional electron gas (2DEG) is observed at
the interface of AlGaN/GaN heterostructure. Therefore, Al-
GaN/GaN HEMT is an important tunable material for RF and
microwave devices by controlling the concentration of 2DEG
under gate voltage (Vy). The RF readout circuit, invented
by Schoelkopf er al.l®! in 1998, is used to investigate the
RF single-electron transistor for the most sensitive and fastest
electrometer.[!'”) The device, such as the single-electron tran-
sistor or quantum point contact based on Si or AlGaAs/GaAs
heterostructure, is embedded in an RF transmission line of the
readout circuit. The changed properties of the device are re-

flected sensitively from the RF output signal. In China, the use
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of RF readout to investigate the device has been studied only
a very little. In the present paper, we develop a reflective RF
readout circuit in which a tunable AlIGaN/GaN HEMT device
is assembled in the circuit to investigate the performance of
the RF readout setup. Under the applied V,, the changes of
impedance including gate capacitance and source—drain con-
ductance are reflected sensitively to the RF output signal. The
sensitive changes in resonant frequency and magnitude of out-
put signal indicate that the RF readout setup can be applied to
the high-speed detector for the applications in electromagnetic

or optoelectronic devices.!!!!

2. Experiments

The Aly3Gag7N/GaN heterostructure provided a 2DEG
about 25 nm below the surface. The electron mobility
and density ng at 300 K were g = 1950 cm?/V-s and ng =
1.4 x 10'3 cm~2, respectively, which were determined by Hall
measurement.!'?! Ultra-violet exposure, lithography, lift-off,
Ohmic electrode preparation, and ion beam etching techniques
were used to fabricate the HEMT microstructures. The gate
length of HEMT was [ = 2 um and the channel (mesa) width
was w = 8§ um. A thin film of 10-nm Al,O3 was deposited as
the insulating layer by atomic layer deposition. The top elec-
trode of the Ni/Au layer with 200 nm was fabricated by using

electron beam evaporation. The microstructure of HEMT was
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characterized by using scanning electron microscopy (SEM).
The radio frequency (RF) readout setup mainly included
a voltage-controlled oscillator (VCO), directional coupler, low
noise amplifier (LNA), band-pass filter (BPF), DC block, and
RF detector (Agilent 8471D). The output power from VCO
(0.4 GHz-1.3 GHz) was about 48 dBm. HEMT and high-
Q inductors (L = 100 nH) were surface mounted on the 50-
Q coplanar waveguide transmission line, which is fabricated
on a high-frequency printed-circuit board (Rogers 3010). The
HEMT device was electrically connected to the PCB by us-
ing short gold bond wires. The mounted inductor (L) and the
capacitance (C) of HEMT formed an LC resonant unit. The
LC circuit introduced a discontinuity in the electromagnetic
impedance in the transmission line which reflected an incident
RF signal. All RF components and transmission lines were

connected by soft coaxial cables. The gate voltage V, was

mounted on the microstrip

L =100 nH

50

supplied by a Yokogawa DC source meter.

3. Experiments and discussion

Figure 1 shows the schematic diagram of the RF readout
circuit. The incoming RF signal from the VCO is coupled to
the HEMT device by a directional coupler and the reflected RF
signal passes through the directional coupler to LNA, BPF, and
DC block to the RF detector. The RF detector is used in RF
circuits as a detecting element in the leveling loop for power
monitoring. Finally, the reflected RF signal can be monitored
by a multimeter. The inset shows the image of the transmission
line where the HEMT device and high-Q inductors are sur-
face mounted. The device on the copper holder must be well
grounded in order to avoid damaging the HEMT device by
static electricity. An SEM photo of the HEMT is also shown
in the inset where mesa and Ohmic electrodes are displayed.
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Fig. 1. (color online) Schematic diagram of the RF readout circuit and equivalent circuit of HEMT. Inset shows the image of the
transmission line with the HEMT device and SEM photo of HEMT.

Figure 2 shows the variations of the transfer characteris-
tic curve of A1GaN/GaN HEMT, i.e., drain—source DC current
Iys with gate voltage V,. For I—V, measurement, a DC volt-
age Vys is applied to the drain and Vj is applied to the gate.
A multimeter through a low-noise current preamplifier with a
sensitivity of 10~* A/V is used to monitor the Iy at source. At
a fixed Vg, I35 decreases with the increase of |Vg\ and reaches a
saturation state when V, < —3.75 V, showing a switch charac-
teristic of depleting the electrons under the control of V. The
current Iy can be described as follows:

w
i

where u is the electron mobility, C, is the gate capacitance,

los = HCy(Ve) = [(Ve = Van)Vas — 3V, M

and V4, is a threshold voltage where I3 changes abruptly. Gen-
erally, equation (1) is used to describe the I35 under the gate
and it is difficult to fit the whole I~V curve because the C,

is also a function of V. When V; is zero, Iy increases greatly

with the increase of Vs because the electrons in the channel
of the HEMT are accelerated by Vs, thus resulting in the en-
hancement of the drift current.
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Fig. 2. (color online) Curves of Iy versus V; at different values of ap-
plied Vys. Inset shows the schematic diagram of GaN/AlGaN HEMT.
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Figure 3 shows the variations of the RF reflection sig-
nal Vrp with frequency. Two remarkable characteristics are
observed. Firstly, the resonance frequency f; shifts from
805 MHz to 816 MHz with the increase of |V;|. Secondly, it is
found that the magnitude of RF signal Vrp also decreases sig-
nificantly around the resonance frequency with the increase of
applied V. We consider that the changes of f; and the magni-
tude of VrF are strongly dependent on the impedance of HEMT
under V,, namely, the changes of gate capacitance and conduc-
tance. In an HEMT microstructure, we estimate the geometry
capacitance under the gate to be Coeom = WI€0EAIGaN /dAIGaN =
0.053 pF, where wl = 16 umz is the area under the gate, & is
the vacuum permittivity, €a1gan = 9.4 is the relative permittiv-
ity of AIGaN, and dajgan = 25 nm is the distance between the
gate and 2DEG. With the increase of Vj, the electrons under
the gate are gradually depleted, thus resulting in the change
of electric charges Aq in the GaN layer. The reduced electron
density in 2DEG can be equivalent to the increase of distance
daigan, therefore, the gate capacitance decreases with the ap-
plied V.13 According to the resonance of the designed LC

circuit, the resonance frequency is expressed as
B 1
27+/LCrr/2’

which is mainly dominated by the capacitance Crr including

fe 2

gate capacitance and parasitic capacitance, when L = 100 nH
is a constant in our experiment. Therefore, f; increases with
the decrease of Crr under V,, which is consistent with the ob-
served shift of f; in Fig. 3. On the other hand, the source—drain
resistance Rgs will also increase with the applied V; increasing
due to the depletion of electrons. It is suggested that the vari-
ation of the magnitude of reflection signal VR originates from

the change of source—drain conductance.
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Fig. 3. (color online) Variations of reflected voltage signal with fre-
quency at different values of applied V.

Figure 4(a) shows the calculated capacitance Crr as a

function of V, from Eq. (2) by using the measured f; where

the value of the inductor is L = 100 nH. Clearly, the obtained
Crr displays the V;-controlled characteristics, which indicates
that the changed capacitance of the HEMT is reflected sen-
sitively at Vi, by the RF readout circuit. We observe that
Crr varies from 0.378 pF to 0.366 pF when the value of V,
changes from 0 V to —4 V. The tunability 7 = [Crp(V, = 0)—
Cre(Vy = —4 V)/Crr (Vy = 0) is about 3.2% around the fre-
quency of 816 MHz. Actually, the tunability of gate capac-
itance is remarkable from the measurement of the gate ca-
pacitance Cpeas at a low frequency of 1 kHz by using an
Agilent B1500A semiconductor device analyzer as shown in
Fig. 4(b). The Vy-controlled Cpeas varies from 0.25 pF to
0.042 pF, and the tunability reaches up to 83.2%, showing a
good V;-controlled performance at the low frequency. We con-
sider that the difference in tunability mainly results from the

difference in frequency response of gate capacitance.
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Fig. 4. (color online) Variations of (a) calculated capacitance and (b)
measured capacitance with Vg at 1 kHz.

Figure 5 shows the variations of source—drain conduc-
tance G(1/Rgs) and the valley of RF reflection signal Vy, in
Fig. 3 with V,. The conductance of HEMT G = nsepuw/I is
mainly dependent on the electron density ng and mobility u
when the micro-structure of HEMT is fixed. With the increase
of applied V,, conductance G decreases abruptly in the vicin-
ity of Vi, due to the depletion of electrons. We find that the
Vi also exhibits the same variation trend as the G-V, relation-
ship. From the RF equivalent circuit in our previous article, ]
the reflection coefficient is I' = (Zy, — Zy) /(Zin + Zo), where
Zin is the input impedance and Zy = 50 Q is a characteris-
tic impedance. The input impedance can be expressed as
Zin = j2nfL+ Rys/[1 + j27 fR4sC] + Zp. In the experiment,
capacitance C mainly includes gate capacitance Cy and the

parasitic capacitance of the circuit. The sensitivity of the
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output signal under the gate voltage is proportional to both
d(1—T")/dRys(V,) and dRys(V,)/dV,. The first term is de-
termined by the characteristics of the RF transmission line,
while the second term is determined by the characteristic of the
HEMT. The intrinsic sensitivity |dRys/dVg| of the readout cir-
cuit is strongly dependent on the rate of changed drain—source
resistance Rys(V,). Therefore, the design and fabrication of
good performance of HEMT with large |dRgs/dV,| are the key
to improving the sensitivity of the readout setup, namely, the
rapid change of source—drain resistance near threshold volt-
age Vi, under V;. In the present experiment, the sensitivity of
the readout setup can increase up to 5.6x 108, When a thresh-
old voltage Vi, is applied to the gate of the HEMT, the RF
readout setup can be used to detect sensitively the change of
impedance of HEMT under the external radiation, such as ter-

ahertz radiation or light.
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Fig. 5. (color online) Variations of the valley of RF reflection signal Vi,
and conductance with V.

4. Conclusions

We designed a reflective RF readout circuit and inves-
tigated the performance of the HEMT-based readout setup.
The RF setup is used to detect the changed impedance of the
HEMT by analyzing the resonance frequency and the magni-
tude of the RF reflection signal. It is suggested that the de-
signed RF readout setup can be applied to the readout circuit

for high-sensitivity optic—electric detection.

References

[1] Mishra U K, Parikh P and Wu Y F 2002 Proc. IEEE 90 1022
[2] Chen Q, Yang J W, Gaska R and Asif Khan M 1998 IEEE Electron
Dev. Lett. 19 44
[3] Mishra U K, Wu Y F, Keller B P, Keller S and Denbaars S P 1998 IEEE
Trans. Microwave Theor. Technol. 46 756
[4] Wu Y F, Kapolnek D, Ibbetson J P, Parikh P, Keller B P and Mishra U
K 2001 IEEE Trans. Electron Dev. 48 586
[5] Sheppard S T, Doverspike K, Pribble W L, Allen S T and Palmour J] W
1999 IEEE Electron Dev. Lett. 20 161
[6] Lei Z F, Guo H X, Zeng C, Chen H, Wang Y S and Zhang Z G 2015
Chin. Phys. B 24 056103
[71 Zhang P, Zhao S L, Hou B, Wang C, Zheng X F, Ma X H, Zhang J C
and Hao Y 2015 Chin. Phys. B 24 037304
[8] Sun Y F, SunJ D, Zhang X Y, Qin H, Zhang B S and Wu D M 2012
Chin. Phys. B 21 108504
Schoelkopf R J, Wahlgren P, Kozhevnikov A A, Delsing P and Prober
D E 1998 Science 280 1238
[10] Qin H and Williams D A 2006 Appl. Phys. Lett. 88 203506
[11] Chen Y, Daigle A, Fitchorov T, Hu B, Geiler M, Geiler A, Vittoria C
and Harris V G 2011 Appl. Phys. Lett. 98 202502
[12] SunJ D, Qin H, Lewis R A, Sun Y F, Zhang X Y, Cai Y, Wu D M and
Zhang B S 2012 Appl. Phys. Lett. 100 173513
[13] Maeda N, Nishida T, Kobayashi N and Tomizawa M 1998 Appl. Phys.
Lett. 73 1856
[14] Ambacher O, Foutz B, Smart J, Shealy J R, Weimann N G, et al. 2000
J. Appl. Phys. 87 334

[9

—

105201-4


http://dx.doi.org/10.1109/JPROC.2002.1021567
http://dx.doi.org/10.1109/55.658598
http://dx.doi.org/10.1109/55.658598
http://dx.doi.org/10.1109/22.681197
http://dx.doi.org/10.1109/22.681197
http://dx.doi.org/10.1109/16.906455
http://dx.doi.org/10.1109/55.753753
http://dx.doi.org/10.1088/1674-1056/24/5/056103
http://dx.doi.org/10.1088/1674-1056/24/5/056103
http://dx.doi.org/10.1088/1674-1056/24/3/037304
http://dx.doi.org/10.1088/1674-1056/21/10/108504
http://dx.doi.org/10.1088/1674-1056/21/10/108504
http://dx.doi.org/10.1126/science.280.5367.1238
http://dx.doi.org/10.1063/1.2205159
http://dx.doi.org/10.1063/1.3590771
http://dx.doi.org/10.1063/1.4705306
http://dx.doi.org/10.1063/1.122305
http://dx.doi.org/10.1063/1.122305
http://dx.doi.org/10.1063/1.371866
http://dx.doi.org/10.1063/1.371866

	1. Introduction
	2. Experiments
	3. Experiments and discussion
	4.  Conclusions
	References

