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Abstract:

We study the growth of an InGaN and AlGaN/GaN/InGaN/GaN double heterojunction structure by metal

organic chemical vapor deposition (MOCVD). It is found that the crystal quality of the InGaN back barrier layer sig-
nificantly affects the electronic property of the AlIGaN/GaN/InGaN/GaN double heterojunction. A high crystal quality
InGaN layer is obtained by optimizing the growth pressure and temperature. Due to the InGaN layer polarization field
opposite to that in the AlGaN layer, an additional potential barrier is formed between the GaN and the InGaN layer,
which enhances carrier confinement of the 2DEG and reduces the buffer leakage current of devices. The double het-
erojunction high-electron-mobility transistors with an InGaN back barrier yield a drain induced barrier lowering of
1.5 mV/V and the off-sate source-drain leakage current is as low as 2.6 £A/mm at Vpg =10 V.
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1. Introduction

AlGaN/GaN heterostructures have attracted much atten-
tion for optoelectronic and electronic device applications('>2].
However, applications at the K band and above demand
GaN-based amplifiers operating at higher frequencies, and the
gate length (Lg) of the transistors has to be reduced below
0.4 um. A major problem when scaling down these devices
is the poor confinement of the 2DEG. Due to the electron spill
over at high drain/gate voltages, peak currents are limited by
the buffer leakage and large threshold-voltage shift, soft pinch-
off, high subthreshold current. This effect contributes to the
poor confinement of the 2DEG, so the double heterostructure
of AlGaN/GaN/InGaN/GaN with an InGaN back barrier was
put forward to improving the confinement of the 2DEGE]. Al-
though the band gap energy of InGaN is less than that of GaN,
the larger polarization field which is opposite to the AlGaN
layer can be formed between the InGaN and the GaN, which
will raise the potential energy.

It is well known that high quality InGaN films are difficult
to grow due to the high equilibrium vapor pressure of InN!4l, as
well as the indium separation behavior. Most of the growth of
InGaN has been made by molecular beam epitaxy (MBE)!5> 6l
However, the growth of InGaN using metalorganic chemical
vapor deposition (MOCVD) is very rarel”). In this work, we
adopt the pulse method for InGaN growth and study the per-
formance of AlIGaN/GaN/InGaN/GaN DH-HEMTs. Due to the
InGaN back barrier layer, 2DEG confinement and buffer iso-
lation were improved significantly.

2. Experimental procedures

The InGaN/GaN structures were grown on a sapphire sub-
strate by a low-pressure MOCVD system. Figure 1 shows
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a schematic diagram of the samples and devices. Trimethy-
lalumium (TMA), trimethylgallium (TEGa), trimethylindium
(TMIn) and NHj3; were used as the sources of Al, Ga, In
and N, respectively. Prior to epitaxial growth, sapphire sub-
strates were annealed at 1050 °C for 10 min in order to re-
move surface contamination. A 100 nm thick high tempera-
ture AIN nucleation layer was deposited at 1020 °C. Then, a
1.5 pm-thick unintentionally doped GaN layer was grown, fol-
lowed by a 100 nm-thick InGaN layer. The pulse method was
used for InGaN layer growth. In this method, NH3 and TEGa
flows were maintained continuously into the reaction cham-
ber, while TMIn was injected into the reaction chamber al-
ternately. Table 1 shows the temperature and pressure for the
InGaN layer growth. For the conventional AlIGaN/GaN het-
erostruture, the growth temperature for AlGaN barrier layers
was 980 °C. While for the three samples (samples D, E, G) of
the AIGaN/GaN/InGaN/GaN double heterostructure, the GaN
channel was deposited after the growth of the InGaN epilayer.
The growth conditions of the InGaN layer are shown in Table
1. The growth temperature of the GaN was 670 °C, which is
used to reduce the indium out-diffusion.

The surface morphology of the heterostructures was inves-
tigated by an Agilent 5400 atomic force microscope (AFM).
The indium composition of the samples was estimated by a
20-w scan of (0002) plane diffraction of high resolution X-
ray diffraction (HR XRD). The optical properties of the InGaN
layers were examined by photoluminescence (PL) using a 325

Table 1. Growth conditions for the InGaN layer.

Parameter Growth temperature (°C)  Growth pressure (Torr)
Sample A 670 40

Sample B 670 200

Sample C 650 200
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Fig. 1. Schematic cross section of the structures for (a) InGaN/GaN, (b) AlGaN/GaN, and (c) AlGaN/GaN/InGaN/GaN.
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Fig. 2. XRD 20-w scan curves of samples A, B and C.

nm He—Cd laser.

3. Results and discussion

In incorporation in InGaN layer is very sensitive to the
growth temperature due to the extremely high equilibrium va-
por pressure of InN!I. The In incorporation is found to increase
significantly as the growth temperature decreases(®!. Figure 2
shows the XRD 20 —w scan profiles of samples A, B and C. The
peaks diffracted from GaN (0002) planes locate at about 34.6°.
The reference value of the diffraction angle from InN (0002)
is 31.0°%1, Indium composition was estimated by XRD (0002)
diffraction. When the total pressure increased, the diffraction
peak position of the InGaN (0002) shifted from GaN to InN
(0002), and the indium composition increased from ~3% to
~6% for samples A and B. This was attributed to the increas-
ing total pressure which increased the absolute TMIn concen-
tration in the reactor. As the growth temperature decreased, the
peaks related to the InGaN shifted towards a lower angle, while
the indium composition increased from ~6% to ~8% for sam-
ples B and C. These results confirmed that the indium content
can be controlled by changing the growth pressure and temper-
ature.

Intenstiy (a.u.)

Fig. 3. PL spectra of samples A, B, and C.

Figure 3 shows the PL spectra of InGaN. The shift of the
dominant emission peak moved towards a longer wavelength
(from 3.3 to 3.05 eV) for samples A—C. Assuming that the in-
dium composition in the InGaN layer can be determined only
by the PL peak position, we calculated the indium contents in
InGaN layer by

E(X) = EGaN — x(EGaN — EInN) — bx(l — X), (1)

where Egun, Emn, X, and b are the band gap energy of GaN,
the band gap energy of InN, the indium composition and the
bowing parameter, respectively. The indium content was cal-
culated by using the parameters Egan (3.48 eV), Epn (0.7 €V)
and b (1.4 eV)['%. Based on the PL peak position of InGaN,
it was found that the indium composition in samples A—C was
3.5%, 5% and 8.5%, respectively. The full width half maxi-
mum (FWHM) values of the near band edge emission (NBE)
for samples A—C were 100, 84.6 and 144 meV, respectively.
From the FWHM values, we concluded that the InGaN film
had better crystal quality with the 200 Torr growth press and
670 °C temperature.

Figure 4 shows the AFM images with a scan area of 2 x
2 um? for each InGaN. From the AFM images, we found that
the root mean square (RMS) roughness of the samples were
7, 1.04 and 8.02 nm for samples A, B, and C, respectively.
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Fig. 4. 3D morphology of (a) sample A, (b) sample B, and (c) sample
C.

It can be seen clearly that the sample B had a flatter surface
with a maximum height of 13 nm, while the maximum height
of samples A and C were 46 and 61 nm, respectively. These
holes, called V defects, were produced by local indium seg-
regation around the dislocation cores, which emerged in the
crystal growth!!!], The radius of the V pits in samples A, B,
and C were 0.9, 0.38 and 1.4 A, respectively. The results ob-
tained by PL and AFM demonstrated that the crystal quality of
sample B was the best and most suitable for the back barrier in
the AlGaN/GaN/InGaN/GaN DH-HEMTs.

Table 2 shows that the AlGaN/GaN/InGaN/GaN double
heterojunction exhibited the best electronic property at the
growth temperature of 670 °C and pressure of 200 Torr for the
InGaN back barrier layer. It is reported that the InGaN back
barrier layer can enhance the confinement and thus improve the
mobility of the 2DEG!2!. However, the double heterojunction
electronic mobility obtained from our experiment was lower
than that of the single one. This was attributed to the poor crys-

Table 2. Electronic properties of the samples.

Parameter Mobility (cm3/(V-s)) 2DEG density (1013 cm™2)
Sample D 1058 1.32
Sample E 1297 1.26
Sample G 940 1.2
SH 1288 1.55
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Fig. 5. Transfer characteristics for (a) AlIGaN/GaN/InGaN/GaN DH-
HEMT and (b) AlIGaN/GaN SH-HEMT.

tal quality of the InGaN layer.

Sample E and the AlGaN/GaN heterojunction were chosen
for device fabrication. The mesa isolation was done first. Then,
Ti/Al/Ni/Au was evaporated for source/drain ohmic contacts
by rapid thermal annealing at 870 °C for 40 s. Finally, the Ni/Au
Schottky gate was defined by optical lithography with an 80
nm nominal gate length. The DC performances of the HEMTs
were measured with an HP 4156B semiconductor parameter
analyzer.

From the measurement results, it can be seen that the ad-
vantage of the DH-HEMT over the SH-HEMT is lower buffer
leakage current, which was 2.6 ©A/mm measured at Vp = 10
V and much smaller than that of a conventional SH-HEMT de-
vice (6.8 mA/mm). Figure 5 shows the shift in threshold volt-
age (Vry) with increasing drain voltage. The DH-HEMT de-
vice yielded a DIBL of 1.5 mV/V, while the SH-HEMT device
exhibited a DIBL of 9.4 mV/V. When the drain voltage was
varied by 6, 10, 20, 30 and 40 V, the resulting shift of Vry was
0.05 V for the DH-HEMT and 0.32 V for the SH-HEMT. Due
to the poor confinement, the electrons can spill over from chan-
nel to buffer under high drain voltage, which forms the buffer
leakage current and leads the threshold voltage drift to be more
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negative. Breakdown in the GaN based HEMT and other field-
effect devices is, in many cases, initiated by electron current
underneath the depletion region of the transistor gate through
the insulating buffer layer and is known as space-charge injec-
tion of electrons into the GaN buffer layer. The punchthrough
of the electrons into the buffer causes a rapid increase in the
sub-threshold drain leakage current and is often interpreted as
the device breakdown voltagel!3]. In case of large buffer leak-
age current, buffer breakdown will occur. The larger polariza-
tion field, which formed opposite to the AlGaN layer and be-
tween the InGaN and the GaN, raises the potential energy. The
obstacle existing behind the quantum well hinders the electron
spill over into the buffer and thus improves the buffer isolation.

4. Conclusions

In summary, we studied InGaN growth and AlGaN/
GaN/InGaN/GaN DH-HEMT characteristics. For the realiza-
tion of high quality Al1GaN/GaN/InGaN/GaN DH-HEMT, dif-
ferent growth pressures and temperatures were adjusted to ob-
tain high crystal quality InGaN back barrier layer. We got the
best result under the growth temperature of 670 °C and pres-
sure of 200 Torr for InGaN back barrier layer. Due to a high
potential barrier between InGaN back barrier and GaN buffer
layer, the buffer isolation is improved and the off-sate source-
drain leakage current is as low as 2.6 uA/mm. The DH-HEMT
exhibited a DIBL of 1.5 mV/V, which is smaller than that of
SH-HEMT (9.4 mV/V). It suggests that high back potential
barriers in DH-HEMT can prevent the electrons spilling into
the buffer layer and confine the 2DEG in channel.
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