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Schottky diodes based on (201) -Ga,O5 substrates and (010) -Ga,O; homoepitaxial layers were
formed using five different Schottky metals: W, Cu, Ni, Ir, and Pt. Based on a comparison of the
effects of different wet chemical surface treatments on the Ga,O5 Schottky diodes, it was established
that a treatment with an organic solvent, cleaning with HCl and H,O,, and rinsing with deionized
water following each step yielded the best results. Schottky barrier heights calculated from
current—voltage (/-V) and capacitance—voltage (C-V) measurements of the five selected metals were
typically in the range of 1.0-1.3 and 1.6-2.0eV, respectively, and showed little dependence on the
metal work function. Several diodes also displayed inhomogeneous Schottky barrier behavior at room
temperature. The results indicate that bulk or near-surface defects and/or unpassivated surface states
may have a more dominant effect on the electrical behavior of these diodes compared to the choice of
Schottky metal and its work function. © 2017 American Vacuum Society.

[http://dx.doi.org/10.1116/1.4980042]

I. INTRODUCTION

Gallium oxide (Ga,0O3) is an emerging next-generation
wide band gap semiconductor, having already demonstrated
a variety of applications from ultrahigh efficiency electron-
ics'™® to solar-blind ultraviolet photodete,ctors.7_11 Ga,03
exists in five known polytypes («, f5, 7, d, and ¢), of which
p-Ga,05 is the most thermodynamically stable. 5-Ga,O3 has
the advantage of a larger band gap (~4.8 eV)' > 1o compared
to other wide bandgap semiconductors such as SiC and GaN.
Moreover, it is commercially available as a single crystal
substrate produced from the melt,'” making it more econom-
ically feasible for future large-scale adoption. The large
bandgap of -Ga,05 allows it to handle large electric fields,
which in turn gives it Baliga’s figure-of-merit for power
devices that is ten and four times larger than that of SiC and
GaN, respectively.'®!?

Table I summarizes the current literature on Schottky bar-
rier diodes based on Ga,0O3. The different device structures,
preparation methods, and substrate orientations among these
different studies make direct comparisons difficult. In the
present study, to first establish a cleaning method for subse-
quent metallization, we conducted a comparison of five
selected wet chemical cleaning treatments.

After establishing a surface cleaning treatment, we char-
acterized the electrical behavior, via -V and C-V measure-
ments, of Schottky diodes with five different Schottky
metals (W, Cu, Ni, Ir, and Pt). Schottky barrier heights
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(SBHs) were calculated from the measurements and are dis-
cussed in terms of predicted behavior according to the
Schottky—Mott relation, which predicts that the SBH (@)
equals the difference between the electron affinity (ys) of the
semiconductor and the work function of the metal ()"’

Dp = Oy — 5. (D

The five selected metals represent a range of work func-
tions from moderate to high.

Il. EXPERIMENT

All bulk substrates used in this work were pieces cut from
2-in. diameter, n-type (201) -Ga,Oz wafers grown using
the edge-defined film fed growth (EFG) method and pur-
chased from Tamura Corporation, Japan. The substrates
were grown with Sn as an in situ dopant, at a concentration
of 5-8 x 10" cm ™. An image of the f/-Ga,O5 substrate is
shown in Fig. 1(a). Epilayers of unintentionally doped
Ga,05 on n-type (010) -Ga,O5 were also used in this study;
these were grown using metalorganic chemical vapor deposi-
tion by Novel Crystal Technology, Inc., in Japan.

A few reports on surface cleaning methods used for Schottky
contacts to -Ga,05 include buffered oxide etch (BOE),'° HF
(46%) followed by Piranha etch (H,SO,+ H,0,),”* and
Piranha etch (H,SO,+ 30% H,0, 1:1) followed by BOE.*
Piranha etch is, however, known to be highly exothermic and
therefore potentially hazardous. Based on common practice
for surface treatment in other semiconductor systems, we
selected three acid etchants (10% dilute HCI, BOE, and 10%
dilute HF) as possible candidates in our cleaning treatment

© 2017 American Vacuum Society 03D113-1
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TaBLE I. Summary of Schottky contacts to Ga,Oj3 reported in the literature. Abbreviations used are given as follows. FZ = floating zone growth, PLD = plasma
laser deposition, CZ = Czochralski method growth, PES = photoemission spectroscopy, EFG = edge-defined film-fed growth, IPE = internal photoemission,

UID = unintentionally doped, and HVPE = halide vapor phase epitaxy.

Substrate Schottky barrier

Growth [doping Conc. (cm )] Orientation Cleaning method Metal Barrier height ¢ (eV) Ideality factor n

FZ single crystal (10'7-10"%) (Ref. 10) (100) Solvent, BOE Au 1.2-~1.1 (I-V) 1.8-1.1

CZ single crystal (UID 0.6-8 x 10'7) (Ref. 20) (100) NR Au 0.98 (I-V) 1.09

1.01 * 0.05 (PES)

CZ single crystal (UID 0.6-8 x 10"7) (Ref. 21) (100) Cleaved surface Ni 0.97 (I-V) -
1.22(C-V)

FZ single crystal (UID 3-5 x 10'%) (Ref. 22) (010) Solvent, HF, piranha Pt 1.46-1.47 (I-V) 1.04-1.06
1.52(C-V)

EFG single crystal (UID 1.1 x 10'7) (Ref. 23) (010) BCl; for ohmic contacts Ni 1.49 (I-V) 1.04
1.55 (C-V)
1.55 (IPE)

2 um undoped homoepitaxial layer on n-type (010) NR Ni 0.95-1.01 (I-V) 3.38-1.21

(~4.1 x 10"®) (Ref. 24)

EFG single crystal (2.8 x 10'7) (Ref. 25) (201) Solvent, piranha, BOE Ni 1.08 (I-V) 1.19
1.12(C-V)

EFG single crystal (~1.7 x 10'7) (Ref. 26) (201) NR Ni 1.05 (I-V) —
1.2(C-V)

EFG single crystal (UID 1.2 x 10'7) (Ref. 27) (201) NR Ni 1.25 (I-V) 1.01
1.18 (C-V)

EFG single crystal (3.9 x 10'%) (Ref. 28) (201) NR Ni 0.9 (I-V) 1.4
1.49 (C-V)

PLD epi/ZnO/sapphire (1.6 x 10'%) (Ref. 29) (201) NR Cu 0.92 (I-V) 1.22

HVPE epi/sapphire (1.2 x 10'°) (Ref. 30) (001) Solvent and acid. BCl; Pt 1.15 (I-V) ~1

for ohmic contacts 1.12 (C-V)

study. However, HF was discontinued because it was observed
to adversely affect the photoresist used for photolithography. As
shown in Fig. 1(b), after 5min of soaking, HF began to etch
through the photoresist. Since H,O, has been reported to
improve rectifying behavior in Schottky contacts to ZnO,** we
included H,O, in our surface treatment study.

In total, we investigated five different wet chemical clean-
ing treatments. Each substrate was first degreased by sequen-
tially sonicating in (1) acetone, isopropanol, and deionized
(DI) water. Samples that received acid treatment were fol-
lowed by (2) HCI, (3) BOE, (4) HCI and H,0,, or (5) BOE
and H,0,. For HCI cleaning, samples were soaked in 10%
HCI for 5 min at room temperature and rinsed with DI water.
For BOE cleaning, samples were soaked in BOE for 5 min at

(a));;/ B=GasO3  3-G (b)
J3 B-GapOg  B-G
/B-GagO3 B-Gi
5-GagO3

Fic. 1. (Color online) (a) Image of an n-type (201) p-Ga,O3 wafer. The
wafer is transparent with a slight blue tint due to Sn doping. (b) Optical
image of the photoresist after 5 min of HF soaking. The inset shows the pho-
toresist before HF soaking.

J. Vac. Sci. Technol. B, Vol. 35, No. 3, May/Jun 2017

room temperature and rinsed with DI water. For H,O, clean-
ing, samples were soaked for 5 min in boiling H,O, at 85 °C
and rinsed with DI water. All the samples were blow dried in
nitrogen after each DI water rinse.

Ti/Au (20nm/100nm) ohmic contacts were formed by
electron-beam evaporation (base pressure: 1-5 x 10~° Torr)
onto unheated substrates and postannealing in flowing Ar at
400 °C for 1 min. These metal stack and annealing conditions
were found to produce the most reliable and consistent
ohmic behavior.”® Anneals were performed in a quartz tube
in a resistively heated furnace. Schottky metals were also
deposited by electron beam evaporation onto unheated sub-
strates. Ni (50nm) was used to form Schottky contacts for
the surface treatment study. The rectifying Schottky behav-
ior of W, Cu, Ni, Ir, and Pt on }-Ga,O3 cleaned with HCI
and H,0, was then investigated. The HCI and H,O, surface
treatment was based on findings from our surface cleaning
study.

Schottky diodes were prepared with two different device
structures. One consists of a lateral structure, in which both
the ohmic and Schottky contacts are formed on the top side
of the substrate. In this structure, the Schottky contacts are
circular dots with a diameter of 200 um, separated from the
ohmic contacts by 100 um. The contacts were patterned
using a conventional photolithography lift-off method.

The other structure consisted of a vertical structure. In
these devices, the ohmic contact covered the entire back side
of the device. Schottky diodes were formed using a contact
shadow mask on the top side of the substrate. The shadow
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FiG. 2. (Color online) Forward current—voltage (/-V) characteristics of a Ni on the bulk Ga,03 (201) vertical Schottky diode (diameter 125 yum) on the (a) lin-

ear and (b) log scale.

mask consists of holes with four different diameters (500,
250, 125, and 62.5 um).

The lateral device structure was initially chosen to allow
the comparison of diode behavior between the bulk and the
epitaxial films; the latter require lateral structures if grown
on an insulating substrate. Samples for the cleaning study were
all fabricated using the lateral structure. More than 50
diodes were prepared on each sample for statistical analysis.
Approximately 100 Ni and Cu diodes were fabricated using
the vertical device structure, primarily to minimize leakage
currents due to edge effects present in lateral device structures.

All current—voltage (/-V) measurements were performed
using an Agilent 4155C Semiconductor Parameter Analyzer
and a Signatone S-1060H-4QR probe station. Capacitance—
voltage (C-V) measurements were performed using an HP
4284A LCR meter.

lll. RESULTS

For rectifying contacts, the current—voltage (I-V) behav-
ior is described by the thermionic emission equation

q(V —IRy) 1}

I =Iexp [ T 2)

where ¢ is the electron charge, R is the series resistance, 7 is
the ideality factor, kp is the Boltzmann constant, T is the
temperature, and /; is the saturation current given by

I, = AA”T? exp (— —) , 3)
where A is the contact area, A** is the Richardson constant,
and ¢p is the Schottky barrier height. For -Ga,03, using
the electron effective mass m* :0.28mo,16 we calculate the
Richardson constant to be 33.65 A/(cm K)>.

Figure 2 shows an example of a typical /-V behavior of a
vertical Ni Schottky diode on (201) Ga,Os;. The current
increases exponentially with applied voltage until the series
resistance begins to dominate, corresponding to the satura-
tion region in the log / vs V plot.

The ideality factor n, Schottky barrier height ¢, and series
resistance R, values were calculated using the method

described by Cheung and Cheung.** These values were then
used to calculate a fitted line to the measured data. An
R-squared coefficient of determination (R2) is calculated to
determine the goodness of fit. Only data with R* > 0.98 were
selected for the subsequent analysis. Data whose fit did not
meet the R? criterion generally correspond to data that did not
follow the thermionic emission model, possibly due to the
presence of interfacial defects. This will be discussed later in
this paper.

Table II shows a summary of results of Ni/Ga,O5 lateral
Schottky diodes from the five different cleaning methods.
The calculated Schottky barrier heights, which range
between 0.87 and 0.94 eV, are at the lower end but within
the range of values reported in the literature (Table I).

Each of the acid treatments yielded diodes with lower
ideality factors, higher Schottky barrier heights, and lower
series resistances than those treated with organic solvents
only. Of these four treatments, the samples cleaned with
HCI and H,O, exhibited the highest barrier heights and lowest
series resistances of any of the treatments, therefore demon-
strating the most improvement in diode characteristics. The
large variation in leakage current density is attributed to edge
effects and defects, as discussed later. Figures 3(a) and 3(b)
show a comparison of barrier height versus ideality factor and
series resistance for the five types of samples.

Based on the results presented above, all the Ga,O;
Schottky diodes in our subsequent studies were pretreated
using HCI and H,0,. The Schottky diodes reported below
were fabricated with metals (W, Cu, Ni, Ir, and Pt) having a

TaBLE II. Summary of the results from /-V measurements of Ni lateral
Schottky diodes (diameter 200 um) on (201) f-Ga,Oj5 pretreated with differ-
ent wet chemicals.

Leakage current
density at =5V

Method ¢y V) n R, (Q) (Afem?)

Organic 0.87+0.01 1.40+0.06 3.73x10°  0.60 +0.28
HCI 0.89+0.01 126+0.05 9.06x10°  0.84+0.29
BOE 0.89+0.01 126+0.02 2.03x10°  1.12+0.20
HCland H,0, 0.94=001 130+0.02 6.94x10*>  0.63*0.20
BOE and H,0, 090*0.01 137+0.03 230x10°  1.37+0.20

JVST B - Nanotechnology and Microelectronics: Materials, Processing, Measurement, and Phenomena
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FiG. 3. (Color online) Schottky barrier height vs (a) ideality factor and (b) series resistance for diodes pretreated using different wet chemicals.

range of work functions. Devices with both lateral and verti-
cal structures were fabricated, on both (201) single crystal
bulk substrates and (010) epitaxial films.

In addition to current—voltage measurements as described
previously, capacitance—voltage measurements were con-
ducted on many of the diodes. Under reverse bias, the deple-
tion region at the metal-semiconductor interface acts as a
capacitor. For an n-type semiconductor with permittivity &
and electron concentration N, its depletion width is given by

28Y kBT)
Wp = | ==y, =V — ==,
D \/qu <lpbz q

where ,,; is the built-in voltage of the diode. Capacitance
can therefore be expressed as

“)

(&)

or

1 2(Y — V — kgT/q)

C2

. 6
AzquNd ( )

Therefore, ;,; and N, can be calculated from the intercept
and the slope, respectively, of a plot of 1/C* vs V. The
Schottky barrier height is related to the built-in voltage and
carrier concentration by

kgT

¢B:l//bi+¢n+73 @)

N
(,an = EC — EF = kBTln—,
Ny

3)
where E is the conduction band minimum, Ef is the Fermi
level, and N.. is the effective density of states in the conduc-
tion band

3/2
2nm*kgT

)

Table IIT lists the Schottky barrier heights and ideality
factors calculated from /-V and C-V measurements. The
results according to the Schottky metal, device structure
(lateral versus vertical), and whether the diode is directly on
a (201) substrate or a (010) substrate with an epitaxial layer
are listed in Table III. The Schottky barrier heights are

TasLE III. Summary of electrical measurements of Ga,0O3 Schottky diodes with different Schottky metals. The “bulk” substrates are (201) oriented; the “epi”

films are (010) oriented.

8% Cc-V
Metal Work function ¢, (eV) (Ref. 35) Structure Substrate ¢ (V) n ¢ (V)
Y 4.55 Lateral Bulk 0.91 =£0.09 140*04 1.94 0.1
Lateral Epi 1.05 £0.03 2.68 £0.3
Cu 4.65 Vertical Bulk 1.13£0.1 1.53+0.2
Ni 5.15 Lateral Bulk 1.04 =0.02 1.33+0.03 1.61 =0.1
Lateral Epi 1.08 = 0.1 1.68 0.4
Vertical Bulk 1.00 = 0.06 1.57+0.2
Ir 5.27 Lateral Bulk 1.29 0.1 1.45+0.2 23+04
Lateral Epi 1.40 £0.08 1.64 0.2
Pt 5.65 Lateral Bulk 1.05 £0.03 1.40 £0.04 1.9+0.1
Lateral Epi 1.34 0.1 1.87*+0.3

J. Vac. Sci. Technol. B, Vol. 35, No. 3, May/Jun 2017
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Fic. 4. (Color online) Calculated Schottky barrier heights vs metal work function for Schottky diodes on (201) bulk and (010) epitaxial f-Ga,O3. Schottky bar-
rier height values on (201) Ga,O5 as reported in the literature are also included for comparison. The Schottky—Mott predicted line is calculated based on the
Schottky—Mott relation [Eq. (1)], calculated assuming an electron affinity of 3.7 eV (Ref. 37).

plotted as a function of the Schottky metal work function in
Fig. 4.

With reference to the lateral structure devices, we
observed that the barrier height values on the (010) epitaxial
layer were consistently higher than those on the (201) bulk
substrate. This is consistent with other reports in the litera-
ture that reported higher barrier heights for (010) oriented
substrates versus (201) oriented substrates (see Table T). Our
calculated barrier heights on (201) bulk substrates are within
the range of values reported in the literature, while those on
the (010) epitaxial film tend to be lower than reported
values.

It is noted that the barrier height values calculated from C-
V measurements in each case were significantly higher than
the respective /-V determined values. It is normal for C-V
determined barrier heights to be higher than /-V determined
barrier heights, particularly due to the presence of barrier
inhomogeneity in a nonideal diode.’® It is therefore expected
that the /-V values in this study are underestimated due to
the fact that the ideality factors are >1.0. Inhomogeneous
Schottky barriers and their effect on the electrical behavior of
Ga,05 diodes are discussed in more detail in Sec. IV.

IV. DISCUSSION

There are a few important observations we can make in
this study. First, as mentioned above, the /-V determined bar-
rier heights are significantly lower than the C-V determined
barrier heights (Table III and Fig. 4). It is expected that the
C-V determined values are more accurate in terms of an areal
average Schottky barrier within each diode; however, the I-V
determined values should be more representative of the
effective Schottky barrier heights for current flow. The non-
ideal (n>1.0) behavior is attributed to defects in Ga,03,

which act as low-barrier regions that yield inhomogeneous
Schottky diodes.

For example, in vertical device structures, a significant
percentage of diodes displayed two distinct linear regions at
room temperature in plots of log I vs V, as shown in Fig. 5.

This double barrier behavior can be modeled as two
diodes in parallel, one with a high barrier height and the
other with a low barrier height. The total current through the
contact would be the sum of currents through the high and
low barrier patches™®

q(V — IRY)

V — IR:
I:Igztexp{ AT ] —I—ISLmexp {C]( S):|7 (10)

nLkT

where the superscripts H and L denote the high and low bar-
rier regions, respectively.

In this case, the low barrier region was found to have
a Schottky barrier of 0.8 £0.06eV. As evidence that this
behavior is associated with defects in the material, it was
observed that the percentage of diodes displaying double
barrier behavior (as shown in Fig. 5) increased as the diode
area increased (Fig. 6), i.e., the larger the contact size is, the
more likely it is for the diode to exhibit a double barrier
behavior since it is more likely to overlap with an area con-
taining defects. This is statistically significant because the
number of devices for each choice of contact size and metal
is between 30 and 80.

Another important observation from this study is that
neither /-V nor C-V determined Schottky barrier height val-
ues showed a strong correlation with the work functions of
the metals (Fig. 4). The slopes of the least-squares line fits
to the “bulk lateral /-V,” “epilateral /-V,” and “bulk lateral
C-V,” sets of data were 0.18, 0.29, and 0.16, respectively.
The “bulk vertical /-V,” which has only two data points,
actually has a slight negative slope (-0.18). In comparison

JVST B - Nanotechnology and Microelectronics: Materials, Processing, Measurement, and Phenomena
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FiG. 5. (Color online) (a) Schematic of a diode with two distinct barrier regions.
(b) Log I vs V plot of a Ni/Ga,O5 Schottky diode at room temperature showing
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with the Schottky—Mott [Eq. (1)] predicted behavior
(dashed line in Fig. 4) for an ideal diode, these results indi-
cate that factors other than the metal work function domi-
nate the Schottky behavior in the Ga,Oj3 diodes reported
here.

One of the dominant effects on the Schottky diode
behavior is likely due to defects in the bulk and/or near the
surface region of Ga,0O3. The inhomogeneous behavior dis-
played in Fig. 5 and the effect of the contact area (Fig. 6)
suggest that defects within the Ga,O3; play an important
role.

Another strong effect may come from the presence of sur-
face states at a defective, nonstoichiometric, and/or unpassi-
vated Ga,03 surface. Although the HCl and H,O, surface
pretreatment resulted in improved diode characteristics (e.g.,
higher Schottky barrier heights and lower series resistance,
refer to Table II and Fig. 3) relative to the other cleaning
treatments investigated, the ideality factors were still >1.0,
which indicates less-than-ideal behavior.

Previous work on ZnO suggests that H,O, treatment
yields an O-rich surface and lowers the oxygen vacancy con-
centration near the surface.”® Oxygen vacancies, which are
deep level defects in ZnO, are suspected to pin the Fermi
level. It has been observed that H,O, treatment increases the
Schottky barrier height on ZnO (Ref. 32) in correspondence
with an upward band bending at the surface of ZnO.’?
Similar effects from H,O, might be expected in Gay0s,
where oxygen vacancies are also predicted to be deep level
defects.'* Upward band bending has also been proposed in
f-Ga, 05 for the reduction of carrier concentration on anneal-
ing in oxygen rich atmospheres.*’

The results from this study indicate that the treatment
of the Ga,05 surface with HCI and H,O, is beneficial but
likely insufficient to create an ideal surface for device fabri-
cation. Further investigation is needed to determine if addi-
tional surface treatment steps [e.g., dry etching using BCl3
(Ref. 41)] could be combined with these wet chemicals to
remove surface damage and yield a more ideal surface.

V. SUMMARY

In this study, we compared the effects of five different
wet chemical treatments on the electrical behavior (e.g., bar-
rier heights and ideality factors) of Ni/(201) B-Ga,Os;
Schottky diodes. Pretreatment with organic solvents fol-
lowed by HCI, H,0,, and DI water was found to yield
the most favorable characteristics. Schottky diodes with five
different Schottky metals (W, Cu, Ni, Ir, and Pt) were fabri-
cated using the HCI and H,O, pretreatment and character-
ized using /-V and C-V measurements. Schottky barrier
heights were calculated from the measurements and found to
have little correlation with the metal work functions. It was
concluded that bulk or near-surface defects and/or surface
states have a dominant effect on the electrical behavior. The
results point to the need for further investigations on the
types of defects in Ga,O5; and how to prepare a more ideal
surface for device structures.
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