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An n-GaOy thin film is deposited on a single-crystal boron-doped diamond by RF magnetron sputtering to form the
pn heterojunction. The n-GaOy thin film presents a small surface roughness and a large optical band gap of 4.85 eV. In
addition, the band alignment is measured using x-ray photoelectron spectroscopy to evaluate the heterojunction properties.
The GaO,/diamond heterojunction shows a type-II staggered band configuration, where the valence and conduction band
offsets are 1.28 eV and 1.93 eV, respectively. These results confirm the feasibility of the use of n-GaO, as a termination

structure for diamond power devices.

Keywords: GaO,, boron-doped diamond, edge termination, band alignment

PACS: 81.05.ug, 85.30.Kk, 84.30.Jc, 71.20.-b

1. Introduction

Diamond is a promising material for next-generation-
power electronic and optoelectronic device applications due
to its excellent physical and electrical properties.!'=3] The
extremely large critical breakdown field (10 MV/cm), high
thermal conductivity (22 W/cm-K) and high carrier mobility
(2200 cm?-V~!.s~! and 1800 cm?-V~'-s~! for electrons and
holes, respectively) are beneficial to achieve a high Baliga’s
figure of merit (BFOM). The p-type boron-doped diamond-
based power rectifiers, including both Schottky barrier diodes
(SBD) and PN diodes (PND), have attracted considerable
attentions.[*! The SBD presents a typically low on-state volt-
age and no storage of minority carriers, which is a promising
structure for high-efficiency rectifier application. However,
the device’s performances, especially the breakdown electric
field, are still far below the theoretical limit of diamond, which
can be ascribed to the material quality, non-optimized de-
vice design, termination structure and so on. It was reported
that the field-crowding effect at the junction periphery un-
der a large reverse voltage increases the leakage current and
leads to a reduced breakdown voltage. Recently, different
kinds of termination structures have been proposed for dia-
mond SBDs. Diamond Schottky-pn diodes (SPNDs) with a
lightly nitrogen-doped layer realized a high forward current
density of over 20 kA/cm? at 7 V and a high breakdown elec-
tric field of 3.3 MV/cm at room temperature.>! Using boron
implanted guard ring termination, the average breakdown volt-
age of the device with a 310 nm p~ drift layer was significantly
improved from 79 V to 125 V.[%! Using a floating metal guard
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ring structure, an SBD device with a breakdown electric field
of 2.6 MV/cm was also fabricated.”]

Generally, high-power switching devices encounter a
trade-off between two contradicting properties, namely, high
blocking voltage and low forward loss. From this point, the
edge termination (ET, Fig. 1(a)) and junction barrier Schot-
tky (JBS, Fig. 1(b)) diode, combining the Schottky contact
with an area-selective pn-junction, are enable to benefit from
both.!®1 In the forward bias region, a Schottky contact with
a low Schottky barrier height metal can realize small forward
losses, while the lateral field of a buried pn-junction helps to
shield the strong electric fields around the Schottky contact
under high reverse bias. However, although p-type doping can
be easily realized using a boron dopant,[!'9 effective n-type
doping is still a challenge for diamond due to the large ac-
tivation energy (e.g., 1.7 eV for nitrogen) or low doping ef-
ficiency (e.g., 50%-90% compensation ratio for phosphorus-
doped (001) diamond).""!! In addition, the ion implantation
technique degrades the crystalline quality and needs high tem-
perature annealing.[!?]

Alternatively, gallium oxide (GaO,), with a wide bandgap
of approximately 4.8 eV, a high critical electrical field
of 8 MV/cm and large BFOM is suitable for high-power

[13] Furthermore, GaO, can obtain n-type doping

3_

applications.
easily with electron concentration ranges from 10'® cm™
10" em=3.

ties of GaO, thin films can be adjusted by the growth con-

The structure, morphology and optical proper-

ditions during magnetron sputtering deposition, which en-
able the selective area deposition of n-type regions with easy
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controllability.['*! Previously, an n-GaO,/p-diamond hetero-
junction photodiode was demonstrated with a high rectifica-
tion ratio and low reverse leakage current, which is beneficial
to obtain high responsivity, a high photo-to-dark-current ra-
tio, and fast response time due to the built-in electric field.!!”!
For power diodes, by introducing the GaO,/diamond pn-
heterojunction, a depletion region with extra ionized charge
attracts the electric field, which is beneficial to shield the
field-crowding effect.['®) However, the fabrication of diamond
diodes with ET and/or JBS using n-GaO, has not been exten-
sively investigated. The oxide materials are usually used as
gate dielectrics for semiconductor devices. Generally, the in-
terface band offsets between the gate dielectric play a key role
in device operation, which determines the mobility and trans-
port properties, as well as the threshold voltage stability.!!]
In addition, the band offsets are essential to predict the carrier
barrier for pn heterojunction applications, which affects both
the forward turn-on and reverse depletion region. Therefore, it
is very important to measure the band offsets at the interfaces
of oxides and semiconductors. !3:1°]

In this report, GaOy thin films are deposited on a single-
crystal boron-doped diamond by RF magnetron sputtering
to form a heterojunction. In addition, the band offsets and
band configuration at the n-GaO,/p-diamond heterojunction
interface are measured using x-ray photoelectron spectroscopy

(XPS).

2. Experiment

The p-type single crystalline boron-doped diamond
(BDD) was grown on a single-crystal seed using the mi-
crowave plasma chemical vapor deposition system. The type-
Ib (100) seeds were commercially available with a dimension
of 3 mm x 3 mm X I mm. During growth, H,/CH4/boron
flow rates of 200/2/4 sccm were adopted in the chamber to
reach a reactor pressure of approximately 8 kPa. To realize
p-type doping, liquid B(OCH3)3 (kept at 25 °C) was chosen
The B(OCHj3); was carried by bub-
bling H, with a flow rate of 4 sccm. The thickness of the

as the boron dopant.

p-diamond layer was approximately 1 pm when the growth
duration was adjusted to 30 min. The electrical properties of
the BDD were examined using Hall-effect measurements. The
hole concentration and mobility of the sample were approxi-
mately 1.39 x 10" em™3 and 30.4 cm?-V—!.s™!, respectively.

To determine the band discontinuities at the
GaO,/diamond interface, diamond samples with 4 nm and
40 nm-thick GaO, were deposited by radio frequency mag-
netron sputtering (as shown in Fig. 1(c)). The deposition
conditions of GaO, were similar to previous work.['4] After
growth, the boron-doped diamond samples were treated by

H>S04:H>0; (3:1) solution and organic cleaning to form an

oxygen termination. The GaOy target (99.99% purity) was em-
ployed above the diamond substrate with a spacing of 10 cm.
The oxygen and argon gas mixture, with a flow rate of 2 sccm
and 40 sccm, was introduced during deposition. The sputter-
ing power and growth ratio were 160 W and 0.33 nm/min,
respectively. The GaO, thin film presents a (201) texture with
a bandgap of approximately 5.0 eV deduced using the Tauc
method. 14!

Cathode | Cathodel GaO,
[ GaO,| |GaO,[||[GaO,|[ |]GaO,] (0, 4, 40 nm)

p~ -diamond p~ -diamond p~ -diamond

1 pm

p’-diamond p-diamond

substrate substrate Ib (100) diamond

(a)  Anode (b) Anode (¢)

Fig. 1. A schematic view of the vertical diamond diode with GaO, edge ter-
mination (a) and junction barrier Schottky (b) structures. (c) The samples for
XPS measurements.

The XPS apparatus (Thermo Fisher Scientific) was cali-
brated before measurements by C 1s with a binding energy at
approximately 284.80+ 0.08 eV. A monochromatized Al Ko
(1486.6 +0.08 eV) was chosen as the radiation source with a
spot size of approximately 500 pm. The standard deviations
of the core level energy and valence band are +0.08 eV and
+0.2 eV, respectively. Based on the extensively adopted Kraut
method,2%-22] the valence band offset (VBO, AEy) can be cal-
culated from the formula

o GaOy GaO Diamond Diamond
AEy = (EGaZI; —Eypm ) — (Ecis™™ — Evgm )
—AEcy, (H

where Eg;’% and ESE%’ are the Ga 2p energy and va-

lence band maximum (VBM) of the bulk GaO,, respec-
tively. Here, ECDIi';‘mO“d and E\]?]gaf\ﬂ"“d are C 1s energy and the

VBM of the diamond substrate, respectively, while AEcy, =

GaO Diamond
(EGapr - ECls

GaO,/diamond interface. Then, with the band gap values of
GaO, and diamond, the conduction-band offset (CBO, AE,)
can be deduced from

) is the core level energy difference of the

AE = AEy + Epmo — G0+ )

3. Results and discussion

Firstly, the crystalline quality of BDD and GaO, (40 nm)
films is evaluated using an x-ray diffraction system (XRD,
Rigaku D/MAX-RA with Cu K« radiation). For the diamond,
only a strong peak appears at approximately 119.7°, which
can be assigned to the diffraction of the (004) crystal plane
(Fig. 2(a)). However, there are no obvious peaks that can
be assigned to the GaOy film (Fig. 2(b)), implying the amor-
phous structure of the sputtered film on diamond. The surface
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morphologies of the BDD and GaO, films are characterized
at three different positions using an atomic force microscope
(AFM, Bruker Dimension Edge). The scan dimension is set
to 5 pm x 5 um with a tapping-mode. The typical morpholo-
gies measured at the in the central area are shown in the in-
sets of Fig. 2. It demonstrates that the BDD surface presents
many small pits with a root mean square roughness (RMS) of
0.83 nm (insets of Fig. 2(a)), which may be ascribed to the
acid solution treatment. As shown in Fig. 2(b), the surface
RMS is approximately 0.71 nm after the deposition of GaOj
film (40 nm).

> (a)
=
[=1
=]
el
-
<
> )
B
g
)
Di d
h Ilamonl I(004) 1 1 a’Pz‘ 1 1
80 90 100 110 120 30 40 50 60
20 (°) 26 (°)

Fig. 2. AFM images of BDD (a) and GaO, (b) films scanned in 5 pm x 5 pm.

The crystalline quality of BDD is also evaluated using
Raman spectroscopy (Renishaw inVia Raman microscope, us-
ing a 514-nm Ar" laser as the excitation source). As shown
in Fig. 3(a), only a sharp peak around 1333 cm™! is observed
in the spectrum, implying high purity, and the non-diamond
(or sp?) phase is almost eliminated. Moreover, Fano interfer-
ence as well as the broad satellite peaks (around 480 cm™! and
1190 cm™) are not obvious.>3! The bandgap energy (Eg) of
the GaO, film on diamond is an important parameter used to
calculate the conduction band offset (AE.). From the photo-
electron energy loss peak on the O 1s core-level spectrum of
the GaO, bulk sample (as shown in Fig. 3(b)), the E; is de-
duced from the energy difference between the O 1s core level
and the threshold energy of the photoelectron energy loss peak.
The threshold energy is determined to be 537.00 & 0.08 eV
by extrapolating a linear fit of the leading edge for the photo-
electron energy loss peak to the baseline.”*! Then, the E, is
calculated to be approximately 4.85 £ 0.08 eV.

The SEM images of the diamond sample coated with
4 nm GaO, are shown in Fig. 4(a). It is observed that the
diamond surface is fully covered by the GaO,. In addition,
the element (O and Ga) scanning in Figs. 4(b) and 4(c) indi-
cates good uniformity. To calculate the energy difference of
(EQiamond _ pDiamond) "we record the C 1s core-level spectrum
and the VBM of the bulk BDD (Fig. 5). The VBM of dia-
mond is deduced to be approximately 1.63 +0.2 eV. The rel-
atively larger VBM value than the active energy of boron (ap-
proximately 0.37 eV) indicates that the doping concentration
is relatively lower, which is consistent with the Raman results.

Furthermore, the C 1s spectrum can be fitted into three peaks,
including the C-Si (central at 283.23 +0.08 eV), C—C (central
at 284.84 +0.08 eV) and C-H (central at 285.97 +0.08 eV)
bonding.!?>0 In the survey spectrum of the diamond film (not
shown), a small Si signal was detected with an element per-
centage of approximately 4.3%. The C-Si bonding possibly
originates from the surface contamination because the sample
is kept in ambient atmosphere before the XPS measurement.
Then, we can obtain the energy difference of (ERiamend —
E\%aﬁo“d), which is approximately 283.2140.2 eV.[?"]

(a)
—~ —
0 0
B x
=i =i
=} =]
5 |@514 nm &
o o
< ]
- -
> >
b= b=t
1%} 1)
=} =}
B 3 g
<] & Binding energy (eV)| &
— [ =
1 1 1 1

1 L 1 L 1 L L 1 L L 1 L L 1 L
900 1200 1500 1800 528 532 536 540

Raman shift (cm™1) Binding energy (eV)

Fig. 3. The Raman spectroscopy of the film excited by a 514 nm laser (a),
and the O 1s core-level spectrum of GaO, (b). The inset is the photoelectron
energy loss peak used to determine the bandgap.

Fig. 4. The surface morphology (a) and the corresponding elements distribu-
tions [(b) and (c)] of the diamond coated with 4 nm GaO,.

Similarly, the energy difference of (Eg:%‘ - E\(,;E%‘) is

obtained on the 40 nm thick GaO, film on BDD substrate
(Fig. 6). The VBM of GaOy is approximately 3.29 0.2 eV,
implying that the Fermi level is higher than the middle
bandgap and that the GaO, film presents a weak n-type con-
ductivity. However, this concentration makes it difficult to
realize good ohmic contact for Hall measurement and device
fabrication. In the future, intentional doping by adding Si or
Sn into the GaO, target is needed to improve the conductiv-
ity. The Ga 2p core-level spectrum is dominated by the peak
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central at 1118.41 £0.08 eV. Besides, the corresponding O 1s
spectrum is well fitted by two contributions (inset of Fig. 6).
The peaks at nearly 530.59 £0.08 eV and 532.21 £0.08 eV
are attributed to O—Ga (GaO,) and OH-Ga bonds (Ga(OH)3),
respectively. This result indicates that a certain number of OH-
groups exist on the surface of GaO, because the sample is kept
in ambient atmosphere before XPS measurement. Then, we
can obtain the energy difference of (Eg:% — EGS0r), which is
approximately 1115.124+0.2 eV.

r
.fg VBM
= 284.84]"
3
—
=
>
& 283.21 eV
5 C—Si
g c—C
~ 4 C-H
1.63 > i S S
—2 0 2 4 6 282 284 286 288

Binding energy (eV)

Fig. 5. The valence band and the C 1s spectrum of bulk BDD. The energy dif-
ference (ERiamond _ pDiamond) jg calculated to be 283.21 0.2 eV by fitting
the curves.

g
8 vBM ) £ Ga 2p
=] ~
e z
£
(] =528 530 532 534
: "~ Binding energy (eV) (f 1118.41
= ! 1115.12 eV
=] !
Q |
b= !
=

— Ga—-0
3.29 o

r .II,I e‘
0 2 4 6 & 1112

1 1
1116 1124

Binding energy (eV)

Fig. 6. The valence band and C 1s sgectra of the bulk GaO,. on diamond. The

energy difference of (Eg;% — EG3) s calculated to be 1115.1240.2 eV

by fitting the curves.

Finally, a thin layer of 4 nm GaO, was deposited on the
BDD surface to determine the energy difference of (Eg:%‘ —
ERiamond)  Obviously, both C Is signals from boron-doped
diamond and a Ga 2p signal from thin GaO, are detected
(Fig. 7). Compared with the bulk diamond material, peaks
in the C 1s core-level curve shift to approximately 284.75 +
0.08 eV, 285.8710.08 eV, and 288.95 1+ 0.08 eV, correspond-
ing to the C—C, C-H, and C-O bonds, respectively. During
the sputtering of GaOy, the oxygen atom at the diamond/GaO,
interface will enhance the intensity of the C—O peak. On the
other hand, the Ga 2p core-level spectrum is nearly the same
as that of the thick GaO,, except that the peak slightly shifts to
approximately 1117.94 £0.08 eV. However, the correspond-
ing O Is spectrum of the thin GaO, shows an obvious change,

as shown in the inset of Fig. 6. Together with the O—Ga (GaO,)
and OH-Ga (Ga(OH)3) peaks at nearly 530.63 4+ 0.08 eV
and 532.43 £0.08 eV, a new O-C peak at central at around
531.5740.08 eV was observed.[?8] This result is also consis-
tent with the C 1s spectrum. Therefore, the energy difference
(ES*Qx — ERiamond) o 833 19-+(0.08 eV is calculated based on

Ga2p Cls
the fitting results.

/L
T

833.19 eV

=
— E
n =1
= I
z k)

. >

e £
2 5

g
& s L

=]
> = TS
.*5 528 530 532 534 &
<] Binding energy (eV) N
[} (N
E —cC-C A — Ga-0
= — C-H A

2
)

Il L |/ Il

1 1 1 1
286 288 290 1112

Il L Il L Il
1116 1120 1124

Binding energy (eV)

Fig. 7. The C 1s and Ga 2p spectrum for the 4 nm GaO,-coated diamond.
The corresponding (Egj% — ERjamond) i5 deduced to be 833.19£0.08 eV.

p-diamond

Brac=mg o n-GaO,
Diamond
Ecpum it N
AE,=1.93 eV GaOz
5.5 eV - Ecp
OO — .
Eyvpym N 4.85 eV
283.21 6V AE =128 eV l
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Ecis T
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EGuZp

Fig. 8. The band configuration of the GaO,/diamond pn heterojunction based
on the XPS results.

Table 1 summarizes the fitting results of the XPS and
the corresponding energy difference; the AEy between GaO,
and diamond is calculated to be 1.28 0.2 eV according to
Eq. (1). Using the room temperature band gaps of GaO, and
diamond (5.50 eV), we can calculate the AE,. of approximately
1.93 £0.2 eV. The band structure in the GaO,/diamond in-
terface is a type-II straddling band configuration, as shown
in Fig. 8. In addition, Table 2 summarizes the band align-
ments between diamond and other materials reported in pre-
vious works for comparison. Both the electron and hole can
contribute in the conduction without accumulation in the type-
I staggered band configuration, which helps to decrease the
on-resistance and power loss. It is worth noting that the AEy
calculated from the VBM discrepancy should be 1.66+0.2 eV,
implying that some effects decrease the AEy of 0.38+0.2 eV
at the interface. It is well known that the adsorption of hydro-
gen atoms on a diamond surface (C—H bonds) shifts the energy
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band of diamond to a negative electron affinity of 1.5 eV.[*’]

In addition, the C-H generates a high concentration of two-
dimensional hole gas (2DHG) on the surface, resulting in up-
ward band bending.®*] Then, the C-H at the interface will
increase the band offsets. On the other hand, the adsorption
of oxygen atoms (C—O bonds) gives a positive electron affin-
ity of approximately 0.5 eV and turns the surface into nearly
insulator, resulting in decreasing band offsets. Therefore, the
variation of AEy from the theoretical value is attributed to the
increasing C-O at the interface.

Table 1. A summary of the fitting results of XPS and the corresponding
energy differences.

Sample Region Binding energy (eV)  Energy difference (V)
_ Diamond
Diamond bulk Cls 284.84 (Ecis — Evem)
VBM 1.63 283.21
Ga2 1118.41 E —E GaOy
GaO, (40nm) P (EGazp — Evem)
VBM 3.29 1115.12
1 284. E, _E, GaOy /Diamond
GaO,/diamond Cls 84.75 (Eazp — Ecis)
Ga 2p 1117.94 833.19

Table 2. A summary of the band alignments between diamond and other
materials.

Substrate Material VBO (eV) CBO (eV) Ref.
BDD n-GaO 1.28 1.93 this work
BDD p-NiO 1.07 0.74 [16]

H-diamond Al O3 3.28 1.88 [31]
H-diamond HfO, 2.60 2.70 [32]
Diamond c-BN 0.80 1.70 [33]

4. Conclusion and perspectives

In conclusion, a GaO,/diamond pn heterojunction is de-
posited by RF magnetron sputtering for band alignment mea-
surements. GaO, thin film deposited on the single-crystal
boron-doped diamond presents a small surface roughness of
0.71 nm and a band gap of approximately 4.85 eV. Then, XPS
is used to determine the band alignment of the GaO,/diamond
pn heterojunction. The VBM values confirm that the GaO,
and diamond are n- and p-type conduction, respectively. The
VBO and CBO are calculated to be 1.28 eV and 1.93 eV,
respectively. The variation of AEy from the theoretical
value is attributed to the increasing C-O at the interface.
By combining the material and interface characteristics, the

wide bandgap and the type-II staggered band configuration,

the GaO,/diamond heterojunction is promising for diamond-
power electronic device applications.
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