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ABSTRACT

Surface transfer-doping, involving hydrogen terminated diamond surfaces, has been an effective method for producing diamond devices for
some years but suffered from poor device longevity and reproducibility. The emergence of metal oxides as an encapsulant has begun to
change this situation. Here, HfO, encapsulated surface transfer doped diamond Schottky diodes with stable device characteristics have been
demonstrated. Ideality factor and Schottky barrier heights of the devices did not vary considerably across extended periods of use (up to
39 days). The devices showed excellent blocking capabilities, demonstrating no catastrophic breakdown under the maximum field applied
and only a slight increase in leakage current at the reverse bias and field strength of 200 V and 0.167 MV cm ™, respectively. Indeed, a large
rectification ratio of up to 10% and a very low leakage current of ~10~° Acm~! were maintained at this reverse bias (200 V). Furthermore,
multiple devices were compared across a single substrate, something rarely reported previously for surface transfer doped diamond diodes.
Leakage currents and rectification ratios were similar for all of the devices.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0128490

The increased use of distributed energy generation facilities calls
for ever more energy efficient power switches and inverters. As an
ultra-wide bandgap (UWBG) semiconductor, diamond (Eg =~ 5.5¢eV)
is of interest in this context given its high electric breakdown strength,
potential for high carrier mobilities, and high thermal conductivity."”
Initial device development was hindered by the availability of suitable
high quality diamond substrates, but this problem has been largely
overcome’ and even 2-in. diamond wafers are now emerging.'
Although n-type doping has been demonstrated, the relatively high
activation energy of the phosphorous donors (=0.6eV) and the
defects induced by the introduction of P atoms into the dense dia-
mond lattice reduce the usefulness of this form of material for elec-
tronic devices.” Boron doped, p-type, diamond suffers less from these
problems (E, ~ 0.37 eV) and has been widely used for fabrication of
unipolar diamond devices, although operation at elevated tempera-
tures is often required for optimal performance.’

An alternative approach to conventional doping is the introduc-
tion of a surface conductive layer’ through a process often referred
to as “surface transfer doping (STD)” of diamond. In this case, a
H-terminated diamond surface in the presence of a suitable adsorbate
undergoes electron transfer through the C-H polar bond into the

adsorbate layer leading to the formation of a hole accumulation layer
near the diamond surface.” The resultant p-type region can be treated
as a 2D-hole-gas (2DHG).” This p-type layer forms with little thermal
activation (10 — 40 meV'") compared to 0.37 eV required for activa-
tion of boron acceptor states, and the H-termination required also pre-
vents surface states leading to Fermi level pinning, so near-to ideal
Schottky barriers’ heights can be achieved.''

Although this approach can be used to fabricate highly effective
diodes and transistors,'”" devices suffer from thermal instability and
long term performance drift primarily due to the volatility of the adsor-
bates." The alternative use of thin metal oxide layers has led to signifi-
cant improvements in device stability. MoOj3 has a high electron affinity
of ~6.7 eV, leading to the conduction band minimum of MoOjs lying
more than 2.8 eV below the H-terminated diamond valence band maxi-
mum. This makes electron transfer from the diamond to MoOj; energet-
ically favorable and enables the process of surface transfer doping to
occur without the need of adsorbates.'” Al, O3, V,0s, and other metal
oxides can be used in a similar fashion.'*""”

The improvements in device stability that arise from the use of
metal oxides have enabled the benefits of STD to be realistically
explored for device fabrication. Foremost among these have been
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field-effect-transistors (FETs). Metal-semiconductor FETs (MESFETs)
have utilized a H-terminated surface, which is directly contacted by a
Schottky barrier forming metal; the remaining H-terminated diamond
regions between the source and drain contacts are covered with the
metal oxide of choice.”’ Alternatively, metal-insulator-semiconductor
or metal-oxide-semiconductor FETs (MIS-, MOS-FETs) cover the
entire H-terminated diamond with metal oxide prior to source, drain,
and gate fabrication.”' The potential for high switching speeds makes
power MESFETs and MOSFETs in demand for microwave applica-
tions.”” In the case of H-diamond MOSFETS, the maximum output
current, cutoff frequency (fr), and microwave output power densities
of 1.3Amm ™' at 70 GHz, 3.8 Wmm ™! at 1 GHz, and 182 W mm ™"
at 10 GHz, have been demonstrated.”” *°

In a recent study,”” Ren and coworkers used x-ray photoelectron
spectroscopy to determine that the HfO,/H-diamond interfacial
valence band offset was also particularly large at 1.98 eV. This suggests
that this metal oxide should act as a particularly effective dielectric for
STD and subsequent MOSFET fabrication. Indeed, they reported
Baliga’s figure of merit for their devices to be ~2.0 MW cm~2 when
using HfO, as thin as 28 nm, a value not obtained, for example, with
Al,O5 without a thickness of 200 nm. This was despite the authors
using polycrystalline, rather than single crystal diamond substrates.
Thick gate oxides reduce the effectiveness of the gate to modulate the
channel.

Power diodes are required as rectifiers, but the specific design of
diamond diodes using STD has received less attention than that of
FETs. The current study utilizes thin (30 nm) HfO, to encapsulate the
H terminated diamond channel of Al/H-diamond Schottky barrier
diodes. HfO, enables effective STD of the regions separating the
Schottky from the Ohmic contacts; electronic grade single crystal dia-
mond is used throughout. It is well known that edge-termination
effects, which can cause current crowding and early onset breakdown,
can be reduced by the use of field plates within the design of the struc-
ture.”” Such an approach has been adopted for boron-doped diamond
Schottky diodes.”” Here, a field plate design is incorporated into HfO,
encapsulated surface transfer doped diodes.

The implemented design is illustrated in Fig. 1. The top view
[Fig. 1(a)] shows the corbino structure adopted where the central
Schottky contact (Al) is separated from the adjacent Ohmic contact
(Au) by 4 um. Figure 1(b) shows the design in cross section.
H-terminated diamond interfacial regions are isolated using
O-terminated interfaces, such that parts of the Ohmic and Schottky
metalization and the HfO, layer are deposited on H-terminated dia-
mond. These regions affect the STD process. Central and outer edge
regions of Au and Al are deposited on O-terminated diamond as is an
outer ring of HfO,. Hence, in this device, the entire surface was
O-terminated except a 35 um hydrogen “channel.” This approach not
only enables device isolation but also improves adhesion of the metal
layers to the single crystal diamond surfaces. The latter arises since the
metals can partially react with the O-terminated regions for good
adhesive properties, while a small area is still active for STD in the
H-terminated regions.

Experimentally, electronic grade single crystal diamond
(B < 1ppb, N < 10ppb, R, < 3nm, Chenguang Machinery Ltd.) was
used throughout. Samples were cleaned by submerging in an acid
etching solution [H,SOy : (NH4),S,0s, at 200°C, 20 min] followed
by submersion in an alkaline solution (H,O, : NH,OH, 10 min). This
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FIG. 1. (a) A cross-sectional view of the HfO, encapsulated corbino-style Schottky
diodes. (b) A side cross section of the devices showing the field plate architecture
and device isolation.

process ensured the removal of any graphitic carbon and provides a
hydrocarbon-free, partly oxidized surface.”’ Substrates were then
exposed to ozone (200 °C, 1h) to ensure complete O-termination was
achieved. Selective hydrogenation was then performed; first a 200 nm
thick Al layer was deposited by thermal evaporation and patterned by
wet etching to achieve an Al hard mask. The exposed areas were then
exposed to a hydrogen plasma for 15 min in Astex PDS18 with the
pressure, power, and substrate temperature of 62 Torr, 1500 W, and
450 °C, respectively. A 30nm HfO, layer was deposited by atomic-
layer deposition (ALD, Ultratech, Savannah G2 S200) using TDMAH
(heated to 75 °C) and water vapor precursors and a substrate tempera-
ture of 150 °C, and patterned by lift off. This covered 12 of the 35 um
hydrogenated region [as shown in Fig. 1(b)]. Next, the 350 nm thick
Al Schottky and 250 nm thick Au Ohmic contacts were deposited sep-
arately by thermal evaporation (Edwards A306 box and E306 bell jar)
and patterned by lift off. Since H termination of the diamond surface
is known to prevent Fermi-level pinning, an Ohmic contact can be
formed through the choice of a suitable metal work function without
the need for a reacted type interface such as arises with the use of, for
example, Ti."' Photo-lithographic patterning was performed through-
out using a direct-write prototyping tool (Heidelberg DWL 66+).

I-V (current-voltage) and C-V (capacitance-voltage) measure-
ments were performed using a Keithley 4200 semiconductor charac-
terization system along with an Evergreen probe station (Evergreen
EB-6 DC, supplied by Lambda Photometrics Ltd). Figure 2(a) shows
logarithmic current plotted against applied voltage in both forward
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FIG. 2. (a) Current voltage characteristics for HfO, encapsulated Schottky diodes on day 1 after fabrication, day 20 and day 39;(b) thermionic emission theory has been fitted
to the linear section of the log IV curve for the same device on day 1 to achieve n=1.6 and @z = 1.35¢€V; (c) the reverse breakdown characteristics of the same device on
day 39 are presented; and (d) the |-V characteristics for 13 devices across a single substrate are presented.

and reverse bias conditions. It is apparent that the device is highly rec-
tifying with ratio >108. Over this voltage range, the leakage current is
extremely low, being similar to the noise limit of the measuring instru-
ment. In forward bias, the current appears to approach saturation at a
value of 5 x 107> A. If the diode perimeter is considered to be the
active device region for current flow then this is equivalent to
0.05A cm™!. To evaluate the stability of the devices, a device was
repeatedly scanned over a period extending up to 39 days. No signifi-
cant variation in either forward or reverse bias characteristics resulted,
as shown in Fig. 2(a), where measurements for days 1, 20, and 39 are
shown.

It is well documented that the dominant mechanism for current
flow in a Schottky diode at forward bias is thermionic emission.’ In
Fig. 2(b), the linear region of In(I) when plotted against V is clearly vis-
ible, enabling the ideality factor, n, and Schottky barrier height, @5, to
be derived from the gradient and y intercept of the graph. n and ®p
were found to be 1.57 and 1.37 eV, respectively, for the day 1 data, and
little changed thereafter. The band structure expected for H-
terminated diamond surfaces in contact with various metal oxides has
recently been reviewed;” in the current case, the use of HfO, fits the
expected pattern of STD needing high electron affinity metal oxides.
While the degree of upward band bending induced by charge transfer

through the C-H layer into the metal oxide should relate directly to
the electronegativity of the metal oxide chosen, this relationship has
been found to be overly simplistic. For example, variations in the
adsorbate state of the diamond surface prior to metal oxide deposition
and stoichiometric nature of the oxide being implicated. Furthermore,
Al O3, which is insufficiently electronegative to expect STD to be effec-
tive, has controversially been found to capable of supporting STD."” It
is clear that an exact band picture for the process of STD with metal
oxides has yet to emerge.

Figure 2(c) shows an I-V plot for higher reverse bias values, up
to the 200 V limit of the measurement system in use. Although some
“soft” increase in the reverse bias leakage current is apparent, no cata-
strophic breakdown occurs. The device could be repeatedly operated
over this electric-field regime without any significant degradation
in I-V characteristics. At the maximum field strength applied here
(0.167 MV cm ™), a rectification ratio of >107 persists with a leakage
current of only ~10 °Acm ™. The field strength was calculated by
dividing the voltage by the channel length, which is considered to be
the width of the HfO, layer. The active area that should be attributable
to the current device, based upon the method of STD as it is, remains
controversial.” It seems reasonable to take this value to be the area of
the circular “ring” of HfO, that is in contact with the H-terminated
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diamond surface. On this basis, Baliga’s figure-of-merit (FOM)™ gives
a value of around 2.1 MW cm 2. In comparison, a similar calculation
for a conventionally boron doped pseudo-vertical device has been
reported as significantly higher at 244 MW cm~2.”" This device was
based on the P+4/P- stack with Zr/Pt/Au Schottky contacts.
However, it should be noted that in the current case, the device active
area has not been optimized for maximum contact area. Moreover, the
reverse bias used has yet to reveal significant breakdown, suggesting
that the device is capable of supporting higher voltages under appro-
priate experimental conditions. Since Baliga’s FOM is influenced by
both the maximum applied voltage with the relation (Ve )® and the
contact area, this FOM should be taken as a lower limit for this type of
device. Of course, a lateral device, based upon 2D-like STD, will never
offer the power handling capability of a vertical device technology,
although it offers other advantages such as simplicity of integration
with other lateral device structures.

An important parameter for the application of a device technol-
ogy is the variability of I-V characteristics of nominally similar devices
across a given substrate; such data are often missing from published
studies involving diamond devices based upon STD. Figure 2(d) shows
the I-V plots for 13 different devices measured across the same fabri-
cated “chip.” While some variation is apparent in the forward bias
characteristics, the reverse bias data show no significant variation.

Figure 3 shows the reverse bias C-V characteristics of these
Schottky diodes, measured while applying AC voltage frequencies
ranging between 200kHz and 1 MHz. The plot shows the value of
measured capacitance (pF) plotted against the applied bias on the
device. The C-V curves show plateau effect in the reducing capaci-
tance as the voltage is increased before again the capacitance values
reduce. This is the same for all frequencies tested, although a slight
variation in the actual capacitance value measured around 1.5V can
be observed.

The design implemented here employs metallization schemes
(both Ohmic and Schottky) directly contacting H-terminated dia-
mond, along with regions of both contacting HfO, on H-terminated
diamond. Such that the Al/H-diamond interface induces Schottky

9 :
—&— 200kHz
8 —e— 400kHz| ]
71 600kHz | |
s, —+—800kHz
% B —— 1MHz
8
E 4t
<
T3t
O
2 L
1F
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0 0.5 1 15 2 25 3
Voltage(V')

FIG. 3. Capacitance-voltage characteristics for varying AC voltages from 200 kHz
to 1 MHz.

scitation.org/journal/apl

diode characteristics, the Al/HfO,/H-diamond interface induces MOS
characteristics and the HfO, encapsulated channel induces the STD
effect. The localization of the surface H-terminated region within O-
terminated diamond enables effective device isolation and was found
to aid the adhesion of the metal layers onto the smooth (R, ~ 3 nm)
single crystal diamond surfaces. Furthermore, the implemented field-
plate design allowed minimization of current crowding near the other-
wise field enhanced edges of the metallization. This design gives rise to
Schottky diodes with high rectification ratio and only modest increases
in reverse bias leakage currents and no-apparent hard-breakdown
over the field strengths measured.

Furthermore, it should be noted that the device performance
barely changes over the investigated period of 39 days. Device longev-
ity is poorly reported in the literature. However, in the previous
work,” the stability of the metal-oxide induced surface transfer doping
on diamond has been investigated using Hall measurements. The car-
rier density was shown to remain consistent for MoO;z and V,0s
across a 17 day period with a 400 °C anneal prior to deposition by
thermal evaporation. However, a 400 °C anneal is not always practical
if working with photo-resists for further processing. The carrier den-
sity was also measured in Ref. 18 without the anneal prior to deposi-
tion and shown to decay over a period of 17 days for both MoO; and
V,0s5 and would be expected to have continued to decay over longer
time periods. In this work, HfO, was deposited by ALD with an anneal
of only 150° for approximately 15 min prior to deposition and a con-
sistent current over 39 days is demonstrated in Fig. 2(a), demonstrat-
ing the ability to achieve stable surface transfer doping without a high
temperature anneal, using ALD.

Due to the field plate design chosen for these devices, two curves
can be observed in the CV plot (Fig. 3). It is likely that different CV
characteristics will arise due to the different interfaces present in the
devices architecture. When the Al contact is touching the H-
terminated diamond surface directly, the device will exhibit diode-like
CV characteristics. However, in the field plate region of the device, a
MOS capacitance will be present, since Al is separated from the H-
terminated diamond surface by the HfO, layer. This creates more
complex CV characteristics, which are difficult to model. The region
of the graph between 2 and 3 V appears very similar to CV characteris-
tics presented by Garrido et al,” wherein CV characteristics were
studied for air encapsulated surface transfer doped diamond Schottky
diodes with different Schottky contact areas. In such a case, it was sug-
gested that as the depletion region extends into the channel of the
device, the CV graph begins to exhibit more typical Schottky diode
characteristics.

To conclude, HfO, encapsulated surface transfer doped diamond
Schottky diodes with stable device characteristics have been demon-
strated. Ideality factor, n, and Schottky barrier height, ®g, of the devi-
ces did not vary considerably across extended periods of use (up to
39 days). The devices showed excellent blocking capabilities, demon-
strating only minor soft breakdown occurring at a reverse bias and
field strength of 200V and 0.167 MV cm™! with a large rectification
ratio of up to 10%, and a very low leakage current of 10 °Acm ™! at a
reverse bias of 200 V. Future studies are planned using higher voltage
capable equipment and packaging to determine an ultimate break-
down field for these devices.

Furthermore, multiple devices were compared across a single
substrate, something rarely reported previously for STD diamond
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diodes. Leakage currents and rectification ratios were similar for all of
the devices. Some variation in the forward current was apparent. This
could be due to experimental variation in the mechanical probing pro-
cess between devices or perhaps due to sheet carrier concentration
changes across the substrate caused by local variations in crystal sur-
face quality or crystal polish conditions.

Capacitance-voltage studies were also performed that demon-
strated the complex structure of these devices with two regions being
apparent in the reverse bias. These were thought to be due to the
incorporated field plate creating MOS characteristics appearing along-
side typical Schottky diode characteristics.

This work shows the value of careful metal oxide and substrate
selection and the use of designs incorporating field-plates in achieving
high performance diamond diodes. Not only do these devices perform
well on day 1 but continue to offer outstanding characteristics for peri-
ods greater than one month. Furthermore, reasonable device repro-
ducibility over a single crystal diamond chip has been shown to be
achievable.
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