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This paper studied the low-resistance ohmic contacts on InAIN/GaN with metal-organic chemical vapor deposition
(MOCVD) regrowth technique. The 150-nm regrown n'-InGaN exhibits a low sheet resistance of 31 Q/0J, resulting in
an extremely low contact resistance of 0.102 Q-mm between n™-InGaN and InAIN/GaN channels. Mask-free regrowth
process was also used to significantly improve the sheet resistance of InAIN/GaN with MOCVD regrown ohmic contacts.
Then, the diffusion mechanism between n*-InGaN and InAIN during regrowth process was investigated with electrical and
structural characterizations, which could benefit the further process optimization.
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1. Introduction

GaN-based heterostructures with high-Al and thin barrier
are desirable for the scale-down high-electron-mobility tran-
sistors (HEMTs), among which lattice-matched InAIN/GaN
has attracted much attention for scale-down high frequency

s.551 However,

and low-voltage high efficiency application
low-resistance ohmic contact on high-Al-barrier heterostruc-
tures becomes a challenge.!®! This can cause high-frequency
parasitic effects and drop of efficiency, which will be even
much more serious for scale-down devices. In addition, the
traditional alloy ohmic contact method usually results in the
rough morphology and spikes, which will prevent the device
from lateral scaling.”‘lo] Therefore, excellent ohmic contact
with low contact resistance and smooth surface morphology is
of vital importance for InAIN/GaN HEMTs.

There have been various methods developed to achieve
low ohmic contact in GaN-based devices, such as recess-
arrayed ohmic contacts, Si/Ge pre-deposition, ion implanta-
tion, regrown heavily-doped GaN, ef al.!''='*! For ultra-scale
deices, regrown ohmic contact method has its superiority in
extremely low contact resistance and smooth surface. In or-
der to achieve selective epitaxy of highly doped n™-GaN in
the ohmic region, a layer of SiO; is usually grown on the sur-
face of the heterojunction by plasma enhanced chemical va-
por deposition (PECVD) as a hard mask, and it is removed by
wet corrosion process after epitaxy is completed. Regrowth
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of n™-GaN by molecular beam epitaxy (MBE) has resulted
in ohmic contact resistance as low as ~ 0.1 Q-mm in var-
ious GaN-based heterostructures including InAIN/GaN, Al-
GaN/GaN, AIN/GaN, and so on.!">~!71 Low contact resistance
of 0.16 Q-mm in AlGaN/GaN structure has also been achieved
with heavily doped material regrown by metal-organic chem-
ical vapor deposition (MOCVD), which has the advantages of
production capacity and cost.['8-20] However, few reports have
involved in the regrown ohmic contacts of InAIN/GaN using
MOCVD, because the high temperature regrowth process will
cause another challenge on the degradation of InAIN.

In this paper, we demonstrated the low resistance ohmic
contacts on the InAIN/GaN heterostructure with MOCVD re-
growth technique. The n™-InGaN regrowth material instead of
traditional n™-GaN was adopted, which helped to significantly
reduce the heat budget during the regrowth process. In addi-
tion, mask-free regrowth process was developed in this work
to avoid the serious influence of commonly used SiO; mask
on InAIN/GaN degradation during high-temperature regrowth
process. Extremely low contact resistance between n™-InGaN
and InAIN/GaN channels of 0.102 Q-mm was achieved, with a
moderate two-dimensional (2D) electron gas (2DEG) sheet re-
sistance of 397 Q/0J. Finally, capacitance-voltage (C-V) and
time of flight secondary ion mass spectrometry (TOF-SIMS)
analysis was used to further investigate the influence mech-
anism of the n"-InGaN regrowth process on the InAIN/GaN
channel.
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2. Devices fabrication

InAIN/GaN epitaxial layers used in this work were grown
by MOCVD, consisting of GaN buffer, 300-nm unintention-
ally doped GaN channel layer, 1-nm AIN interlayer, and 2-nm
GaN cap layer on 8-nm Ing ;7Alp g3N barrier layer. The Hall
measurement at room temperature shows a sheet carrier den-
sity of 2.29 x 10'3 cm~2, mobility of 1323 cm?/V-s, and a
sheet resistance of 207 Q/CJ. The process flow of MOCVD
regrown-ohmic contacts was shown in Fig. 1. At the begin-
ning of the ohmic regrowth process, the unintentionally doped
InAIN and GaN in the ohmic region were removed by pho-

tolithography and dry etching. In order to ensure the con-
tact between n*-InGaN and 2DEG in the channel, the etching
depth is greater than 30 nm. Wet treatment with ammonia had
been carried out to remove the Cl contaminant and native ox-
ide from the GaN surface.?!??! And 150-nm-thick n*-InGaN
which contains 5% In was grown by MOCVD at 800 °C with
Si doping concentration of 10%° cm~3. Then, Ti/Au electrodes
were prepared over nt-InGaN in the source/drain region by
electron beam evaporation. After that, the nt-InGaN cover-
ing the barrier was removed by self-terminating etching.>]
Finally, device mesa isolation was performed by dry etching.
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Fig. 1. The process flow of mask-free MOCVD regrown-ohmic contacts on InAIN/GaN.

3. Results and discussion

To study the surface coverage of the ohmic contact and
the crystalline quality of n*-InGaN, the sample with n-
InGaN were observed by transmission electron microscopy
(TEM). As shown in Fig. 2, region 1 and region 2 were en-
larged and shown in Figs. 2(b) and 2(c), respectively. It can
be seen in Fig. 2(b) that the n*-InGaN grown by MOCVD
has high crystallinity. At the ohmic contact edge, the etch-
ing inclination angle is greater than 70°, which means that the
etching is highly anisotropic.>*?3 Such a steep sidewall can
reduce the depletion of 2DEG at the etched edge. Moreover,
the edge of the step is well covered, which is necessary to form
excellent ohmic contact. From the profile of InAIN/GaN het-
erojunction in Fig. 2(c), it is interesting that both InAIN barrier
and GaN channel after the MOCVD regrowth have high crys-
talline quality. No significant precipitation of In was observed.

The contact resistance and material resistivity were ex-
tracted by transmission line models (TLM).[?®! The results
for the InAIN/GaN with MOCVD regrown nt-InGaN were
shown in Table 1. The schematics for the ohmic contacts were
shown in Fig. 3(a). The resistance for regrowing ohmic contact
consists of three parts. The contact resistance between Ti/Au
electrode and n™-InGaN (R, ) is 0.046 Q- mm. And the resis-

tance of the 1.5-um n™-InGaN from metal to the 2DEG edges
(Ry) is as low as 0.047 Q-mm, which is mainly due to the low
resistivity of 31 Q/0 of n™-InGaN. Based on the above values
and the total resistance of 0.195 Q-mm, the contact resistance
between n™-InGaN and GaN channels (R, ¢,) is calculated to
be 0.102 Q-mm, which is also the best value of the MOCVD
ohmic regrowth on InAIN/GaN. The Ry, of 397 Q/0J is an
excellent value in InAIN/GaN with MOCVD regrown ohmic
contacts. Compared with n™-GaN, n™-InGaN can achieve
lower resistivity with higher Si-doping concentration at lower
growth temperature. And this effectively weaken the influence
of MOCVD on the InAIN barrier. 2728 In addition, the mask-
free regrowth process avoids the serious influence of SiO;
mask on InAIN/GaN during high-temperature regrowth pro-
cess. To give a more accurate assessment of the process, the
sample was compared with devices that achieve ohmic contact
by alloying. The on resistance (R,,) with respect to differ-
ent source-drain spacing (Lsg) was shown in Fig. 3(b). When
the Lyq is greater than 5 um, the Ry, of devices with alloyed
ohmic contacts is smaller, but when Lgg is less than 4 pum, the
MOCVD regrowth process is more advantageous. And this
shows a very significant advantage in the application of mil-
limeter wave devices. In addition, the 2DEG surface density of
the device that achieves ohmic contact through n*-InGaN was
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Fig. 2. (a) TEM picture and (b), (c) the partially enlarged view of In-
AIN/GaN with MOCVD regrown n*-InGaN ohmic contacts.
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Fig. 3. (a) Schematics and (b) the on resistance (Roy) versus source—drain

spacing (Lsg) of sample with alloying ohmic contacts and with regrown
ohmic contacts by MOCVD.
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Fig. 4. . Carrier concentration distributions of the sample with n™-InGaN
grown by MOCVD.

Table 1. Contact and sheet resistance value.

Run 0.046
Contact resistance (Q-mm) Ry 0.047
Ry ch 0.102
-1 N 1
Sheet resistance (Q-mm) n’-InGa 3
2DEG 397

extracted through C-V test at 100 kHz, and the results were
shown in Fig. 4. The carrier concentration (N.y) was calcu-
lated from the slope dC/dV of the C-V curve which was illus-
trated. And from the space-charge region width, the depth can
be obtained. The 2DEG density was calculated by integrating
the Noy—depth curve.?*3% After the n*-InGaN regrowth, the
2DEG surface density still as high as 2.1 x 10'3 cm™2 with a
peak concentration of 3.9 x 10%° cm™3. There is a small step
near the peak concentration, which may be related to the in-
crease of Rgp.

According to the characteristics of the MOCVD pro-
cesses, the In composition of InAIN maybe separate out at
high temperature, which may lead to a significant increase
of Ryy. In order to study this problem, detailed analysis on
components of the n™-InGaN and the InAIN/GaN was con-
ducted by TOF-SIMS. The curves of ion count radio versus
sputtering time in TOF-SIMS were shown in Fig. 5. In the
GaN/InAIN/GaN sample shown in Fig. 5(a), the distribution
of In, Ga, and Al have clear boundaries at the interface. The
AIN spacer below the InAIN results in a higher Al component
than that of the upper surface of InAIN. And it can enhance
polarization effect and weaken the scattering effect.3!] How-
ever, because of the transition region between AIN layer and
GaN layer of MOCVD epitaxy and the limited accuracy of
SIMS analysis, it is difficult to accurately mark the position of
1-nm-thick AIN.32 After the MOCVD regrowth, as shown
in Fig. 5(b), the wide component gradient area in the n*-
InGaN/GaN/InAIN/GaN sample indicates that diffusion ap-
pears in InAIN/GaN and n*-InGaN. However, the peak value

037303-3



Chin. Phys. B 32, 037303 (2023)

of In component did not decrease significantly. Moreover, the
In and the Ga components of the n*-InGaN shown in Fig. 5(c)
are very evenly distributed. In addition to surface contami-
nation, the distribution of doped Si in the n*-InGaN layer is
also consistent. And there is almost no Al component in the
n"-InGaN, except for a small amount of aluminum near the
InAIN barrier layer, which is mainly related to the diffusion
of Al in the barrier. It can also be seen from Fig. 5(b) that
this part of Al diffusing from the barrier to n™-InGaN is a very
small amount. According to the above analyses, the diffusion
processes can be divided into two types. One is internal dif-
fusion at the interface, and the other is non-restricted surface
source diffusion at the upper surface. The internal diffusion
mainly related to the temperature and the time of MOCVD epi-
taxial process, which conforms to gaussian distribution. The
non-restricted surface source diffusion can be described by the
following residual error distribution function, 3!

X
N (x,t) = Ngerfc (—2\/5) , (1)

where N is the constant surface diffusion source concentra-

701GaN InAIN AIN GaN
60
GaN
o InAIN
& s0f AN
k) GaN
s 401 Substrate
n
s 301 N
=
o
] {
®
(a)
0 100 200 300 400
Time (s)
50 (c)
MOCVD n*t-InGaN
&\ 401 Ga
S [eceeccecececccccececc000000s
E 301 nT-InGaN
n Galy
=] InAIN
§ 201 AR
O GaN
10k Substrate o
.I..I...-..........I.....I.I
0 . . . .
100 200 300 400
Time (s)

Counts ratio (%)

tion, x is the distance from the surface, D is the diffusion co-
efficient, and ¢ is the diffusion time. The diffusion mechanism
of Al component is mainly internal diffusion. The distribution
of Ga and In is affected by the two diffusion mechanisms, of
which the non-restricted surface source diffusion is the most
significant. By comparing the distribution of In and Ga, it can
be found that the surface source diffusion of Ga has a stronger
effect. Because the Ga—N bond is stronger than the In-N
bond, and Ga is more easily incorporated into the lattice. 34!
And these eventually lead to the heterojunction with a gra-
dient component barrier after MOCVD regrowth. Moreover,
the two diffusion effects of Ga lead to the composition change
of AIN spacer. It can be known from the residual error dis-
tribution equation that the diffusion concentration is directly
related to the distance from the surface and the diffusion coef-
ficient. In addition to reducing the temperature, covering the
barrier with a suitable diffusion barrier can not only increase
the distance from the InAIN barrier to the surface but also re-
duce the diffusion coefficient, which will obviously improve
the process.
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Fig. 5. The compositional analysis of InAIN/GaN in (a) GaN/InAIN/GaN and (b) n*-InGaN/GaN/InAIN/GaN by TOF-SIMS. (c) Ga, In (d) Si

and Al in the n*-InGaN grown by MOCVD.

With the change of components in the heterojunction, the
energy band changes. The conduction band of the barrier layer
near the interface with a wide gap decreases, while that of
the GaN channel with a narrow gap increases.!*-% For the
gradient structure, the electron affinity () near the interface
changes continuously with the coordinate x, which can be de-

scribed by the following diffusion law distribution model:

7 (x) = (Azx) tanh (%) @)

where Ay is the total variation of electron affinity in the two
materials, and L is the width of the gradient region. As shown
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in Fig. 6(a), before epitaxy of n*-InGaN, the InAIN/GaN het-
erojunction shows a deep potential well and a high barrier
height. The 2DEG in the channel has strong quantum con-
finement. After the regrowth of n*-InGaN, the wider gradi-
ent region results in a shallower potential well. The diffusion
of Ga leads to a narrowing of the bandgap in the AIN spacer
and a significant decrease in the barrier height. The weakened
quantum confinement on electrons and the enhanced scattering
effect results in the larger sheet resistance.

(a) Before MOCVD regrowth (b) After MOCVD regrowth

InAIN AIN

GaN z InAl(Ga)N GaN =z

Fig. 6. Energy band of InAl(Ga)N/GaN (a) before and (b) after n*-InGaN
regrowth.

4. Conclusion

In conclusion, highly Si-doped n*-InGaN with an ultra-
low resistivity of 31 Q/O was grown by MOCVD. By the
SiO,-free ohmic regrowth technology, a low contact resistance
of 0.102 Q-mm between n*-InGaN and InAIN/GaN channels
was realized on InAIN/GaN with a much improving 2DEG
Ry of 397 Q /0. And this technology has shown significant
advantages in the application of millimeter wave devices with
Lgq less than 4 pm. To provide a theoretical basis for further
optimization of the process, the causes of the increasing Ry,
in terms of the electrical characteristics and material structural
were analyzed in detail. It was found that the non-restricted
surface source diffusion plays a more important role in in-
creasing the Ry, of the InAIN/GaN, which can be suppressed
by covering the InAIN with a diffusion barrier.
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