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Abstract— We report the first demonstration of
source/drain (S/D) doping using tin (Sn) doped spin-on-
glass (SOG) on Ga2O3 power MOSFET. The effectiveness
of SOG doping is verified by a comparative experiment
on semi-insulating Ga2O3 substrates. A specific contact
resistance of ρc = 2.1±1.4×10−5 �·cm2 is obtained to the
SOG doped layer. The thermal diffusion behavior of Sn in
Ga2O3 is investigated as well. MOSFETs with SOG S/D
doping is fabricated on 200-nm epitaxial Ga2O3 layer with an
average effective doping of 2×1017/cm3. An increased peak
output drain current density of 40 mA/mm is achieved due to
reduced S/D resistance. The maximum transconductance
(gm) is extracted to be 1.23 mS/mm for a device with
Lg = 2μm. The device also shows a large ON/OFF ratio of 108

and breakdown voltage of 382 V.

Index Terms— Spin-on-Glass, gallium oxide, SIMS, SOG
doping, power MOSFET, diffusion coefficient, ohmic
contact.

I. INTRODUCTION

GALLIUM oxide (Ga2O3) has been intensively stud-
ied recently due to its promising application for next

generation power electronics [1]–[3]. It is reported that
β-Ga2O3(Ga2O3), the most stable form of Ga2O3, has a
high Baliga’s Figure of Merit (BFoM) [4], [5]. This indi-
cates Ga2O3 has a major advantage over other commonly
studied wide bandgap semiconductors. Empirical calculation
shows an 8 MV/cm critical electric field [4], while the most
recent experimental data has reached 3.8 MV/cm [2]. This
experimental data has already surpassed the theoretical limits
of GaN and SiC. In addition to its excellent material prop-
erty, many mature growth methods with precisely controlled
doping concentration are also available today [6]–[8]. Both
Ga2O3 field effect transistors (FETs) and Schottky diodes
have been successfully demonstrated with high breakdown
voltages. Depletion mode Ga2O3 MOSFET with high break-
down voltage is first demonstrated with Al2O3 gate oxide
and MBE grown substrate [9]. Various enhancement mode
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FETs are also achieved by different techniques [1], [10], [11].
However, these devices used alloyed ohmic contacts directly to
the channel which resulted in high source/drain (S/D) contact
resistance and hence low drain current densities [10]. In this
letter, we report a novel Spin-on-Glass (SOG) tin (Sn) doping
technique for low resistance ohmic contacts to Ga2O3 and also
show significant improvement in the device drive current.

One of the challenges with Ga2O3 power MOSFET is
to reduce the contact resistance in order to maximize cur-
rent density and reduce the conduction loss. Silicon (Si)
ion-implantation has been used in the past to dope the
S/D region [3], [9] and has obtained contact resistance com-
parable to Ti/Al based ohmic contact to n-GaN [12]. Here,
we report a simple yet effective alternative –SOG doping [13].
A Sn doped SOG is spin coated on the wafer and high
temperature rapid thermal annealing (RTA) is then used to
drive the Sn from SOG into the substrate to dope the layer
and reduce the sheet and contact resistances. The advantages
of SOG doping is lower cost as an ion implanter is not needed.
It also takes less process steps as a separate activation anneal
is not necessary. In addition, the absence of ion-implantation
damage reduces damage-induced diffusion of species [14].
Thus, SOG doping will exactly produce the exponentially
decaying doping profile that can be precisely determined by
interstitial diffusion model [15], [16]. SOG doping also results
in highest doping density near the surface which helps in
reducing the contact resistance.

II. SOG DIFFUSION

First, to optimize the SOG doping process, a semi-insulating
Ga2O3 sample with iron (Fe) doping was used. The SOG used
in this experiment is supplied by Desert Silicon Inc with a Sn
concentration of 4×1021/cm3. The sample is first spin coated
with 170 nm of SOG, it then went through a 5 minutes 1200 °C
drive-in annealing in N2 atmosphere. After annealing, the SOG
layer is removed by a 10 minutes BHF treatment. The diffusion
profile of the Sn in Ga2O3 is characterized using secondary ion
mass spectroscopy (SIMS). The measured Sn doping profile
is shown in Fig. 1. The blue curve is the depth profile of
Sn measured by SIMS, which shows the expected Gaussian
profile from diffusion from a source. The concentration of
Sn drops rapidly with respect to depth, indicating a very
high diffusion activation energy. The diffusion profile can be
described by a single positive charged interstitial diffusion
model, which is given by [17]:

D(T ) = D0 exp(− DE

kT
) (1)
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Fig. 1. Sn concentration diffused from SOG vs. depth from Ga2O3
interface for 1200 °C 5 min RTA sample, TCAD simulation of 1200 °C
5 min RTA sample and TCAD simulation of 1100 °C 5 min RTA sample.

where D(T ) (cm2/sec) is the temperature dependent diffusion
coefficient, D0 is the pre-exponential factor, DE is the acti-
vation energy, k is Boltzmann constant and T is the absolute
temperature. The diffusion profile is simulated using Silvaco
Athena simulation tool [18], with D0 and DE as the fitting
parameter. The red dashed curve in Fig. 1 shows the simulated
profile with D0 = 0.8 and DE = 4.2 eV. Using these
parameters, the diffusion profile is simulated for an 1100 °C
and 5 minute anneal. The simulated curve in Fig. 1 shows that
a shallow junction can be formed for low resistance contacts,
the lower temperature reduces any parasitic diffusion of dopant
in the epitaxial MOSFET layers.

Next, the contact and sheet resistance of the SOG doped
layer is calculated. Two identical semi-insulating Ga2O3
samples are used for the comparison. One Fe doped semi-
insulating Ga2O3 sample is spin coated with 170 nm of SOG,
followed by a 5 minutes 1100 °C drive-in annealing in N2
atmosphere. This step will create a highly doped shallow
junction (∼ 20 nm) as predicted from simulations. After
the removal of the SOG layer, a short BCl3/Ar RIE etch
was performed on the SOG doped Ga2O3 and another semi-
insulating sample without SOG doping for ohmic contact
formation [19]. Ti/Au TLM structures were then defined on
both samples for resistance measurement. The samples were
subsequently annealed at 450 °C for 1 minute under vacuum.

Figure. 2(a) shows the measured I-V characteristics between
similar contact pads on both samples. A very low current (pA)
is measured for the semi-insulating substrate. While the
I-V curve for the SOG doped substrate shows substantial cur-
rent with linear ohmic behavior, indicating that the diffused Sn
is electrically active. Next, the contact resistance is extracted
using rectangular isolated TLM structures, Fig. 2(b) shows the
measured four probe resistance between two pads versus their
separation. The extracted specific contact resistivity, linear
contact resistance, the transfer length, and the sheet resis-
tance are 2.1±1.4×10−5�·cm2, 3.4±0.17 �·mm, 0.48 μm
and 1.0±0.1×104�/� respectively. The error in the specific
contact resistivity is calculated following the method in [20].
The high sheet resistance can be attributed to the ultra-shallow
junction depth and lower mobility in the degenerately doped
layer. Higher temperatures and longer anneal can be used to
increase the junction depth and reduce the sheet resistance.

Fig. 2. (a) Comparison of the conducting current between semi-
insulating layer and SOG doped layer. (b) Total resistance plotted vs.
contact spacing on isolated TLM structure for SOG blanket doped
sample, contact length and width are 75 µm and 150 µm respectively.

Fig. 3. (a) Cross section schematic of MOSFET with SOG doping.
(b) SEM image of fabricated MOSFET with Lg = 8 µm, drain gate
spacing Lgd = 10 µm.

III. SOG DOPED S/D MOSFET

After confirming the SOG doping process, Ga2O3 MOSFET
was fabricated incorporating the SOG doped source/drain. The
cross-section schematic of the MOSFET is shown in Fig. 3.
A 200 nm Sn-doped epitaxial layer with a doping density
of 1×1018/cm3 was grown by ozone MBE on Fe doped
semi-insulating Ga2O3 substrate with a 200 nm un-doped
buffer layer to hinder the diffusion of Fe into doped channel
layer [3], [21]. The sample is first spin coated with blanket
SOG layer. In order to dope only S/D region, the SOG is
patterned and etched in a CF4/O2 RIE process to preserve
the SOG only on top of the S/D regions. Next, a 5 minutes
1100 °C drive-in annealing is carried out and Ti/Au contacts
are formed as described in the previous section. A blanket
layer of 20 nm SiO2 was then deposited on the wafer by
plasma enhanced atomic layer deposition (ALD) as the gate
oxide [10], [22], which is followed by gate photolithography
and Pt/Au metallization. The oxide covering S/D contact is
then removed by an RIE etch for probing of the device. Finally,
a 450 °C, 1 minute annealing is performed to improve oxide
quality.

The measured MOSCAP C-V profile and the extracted
electron density profile [23], [24] under the gate is shown
in Fig. 4 (a) and Fig. 4(b) respectively. It is observed that
the doping concentration is not uniform under the gate, and
the effective channel doping is 2×1017/cm3. The non-uniform
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Fig. 4. (a) Capacitance- Voltage characteristic of fabricated MOSFETs
with SOG doping at S/D region. (b) Carrier density profile extracted using
differential capacitance method, depth starts from gate/oxide interface.
Doping in the channel is decreasing with depth due to its out-diffusion
towards buffer layer.

Fig. 5. (a) Output characteristics of the SOG S/D doped MOSFET
with Lg = 8 µm, drain gate spacing Lgd = 10 µm. (b) and (c) are
linear and log scale transfer characteristics of the same device measured
at Vds = 40V, ON/OFF ratio is 108.

doping profile is likely due to the out diffusion of dopant in
the channel during drive-in annealing for SOG. Figure. 5(a)
shows the output current-voltage characteristic of MOS-
FET with Lg = 8 μm, maximum drain current density of
35mA/mm is obtained. The current density is increased by
approximately three orders from MOSFETs with no SOG
doping [10] due to the reduced contact and source access
resistances. The measured current density is comparable with
other reported devices with similar doping density with ion-
implanted S/D regions [9]. Figures 5(b) and (c) show the
transfer characteristic of the MOSFET, the peak transcon-
ductance (gm) is extracted to be 1.15 mS/mm at Vgs = 10 V
and the ON/OFF ratio is 108. Figure 6 shows a linear scaling
of gm on gate length (Lg), where the highest gm obtained

Fig. 6. Linear dependence of transconductance gm vs. gate length Lg .

is 1.23 mS/mm when Lg = 2μm. Three terminal breakdown
test is performed at a gate bias of −25V, and the mea-
sured breakdown voltage is 382 V. This value is similar to
the previous reported breakdown voltage with similar device
dimensions [10].

IV. CONCLUSION

A novel SOG doping scheme for contacts is demonstrated.
Specific contact resistance measurement on the shallow junc-
tions formed by SOG doping is measured to be ρc =
2.1±1.4×10−5�·cm2. Ga2O3 MOSFET with S/D SOG dop-
ing was fabricated to confirm the effectiveness of this doping
method. An improved peak current density of 40 mA/mm
and peak transconductance of gm = 1.23 mS/mm is achieved
with this method for Lg = 2 μm device. The devices also
show large ON/OFF ratio and maintain a high breakdown
voltage even after the high temperature dopant drive in anneal.
In conclusion, SOG doping provides a simple, low cost and
effective way to make ohmic contact to lower doped Ga2O3
channel.
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