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This study investigates how the surface conductivity of H-terminated diamond can be preserved
and stabilized by using a dielectric layer with an in situ post-deposition treatment. Thin layers of
Al,O3; were grown by plasma enhanced atomic layer deposition (PEALD) on H-terminated
undoped diamond (100) surfaces. The changes of the hole accumulation layer were monitored by
correlating the binding energy of the diamond C 1s core level with electrical measurements. The
initial PEALD of 1 nm Al,O; resulted in an increase of the C 1s core level binding energy consis-
tent with a reduction of the surface hole accumulation and a reduction of the surface conductivity.
A hydrogen plasma step restored the C 1s binding energy to the value of the conductive surface,
and the resistance of the diamond surface was found to be within the range for surface transfer dop-
ing. Further, the PEALD growth did not appear to degrade the surface conductive layer according
to the position of the C 1s core level and electrical measurements. This work provides insight into
the approaches to establish and control the two-dimensional hole-accumulation layer of the
H-terminated diamond and improve the stability and performance of H-terminated diamond

electronic devices. Published by AIP Publishing. https://doi.org/10.1063/1.4985808

I. INTRODUCTION

Diamond is an ultrawide band gap semiconductor with
properties appropriate for high-frequency and high-power
electronic devices; its wide band gap (5.47 eV) will sustain a
high breakdown field; its high hole-mobility [3800 cmz/(V-s)]
results in a low forward resistance; its high saturated drift
velocity (1 x 107 cm/s) supports high frequency operation;
and its high thermal conductivity [22 W/(cm-K)] enables high
power operation.! However, due to the large activation ener-
gies of dopants, specifically 0.37eV for p-type doping with
boron, the activation fraction of boron in diamond is less than
1/10* at room temperature.”> A recent research employing
dielectric layers on H-terminated diamond has shown break-
throughs in high voltage and high frequency field effect tran-
sistor (FET) operation.”® As an alternative doping strategy,
studies have employed charge transfer on H-terminated dia-
mond surfaces to form a surface conductive layer with a high
density of holes. With air exposure, holes accumulate at the
H-terminated diamond surface achieving a hole density of
10"-10" cm 2 and hole mobility of 50-150 cm?/(V-s).”

Several mechanisms have been proposed to explain how
H-termination enables the surface hole accumulation layer
that leads to the surface conductivity. The electrochemical
surface transfer doping model is now well accepted over
other competing models. In this model, after charge transfer,
the Fermi level of the adsorbate layer and the diamond are
aligned, resulting in a layer of accumulated holes at the dia-
mond surface and an equal density of compensating negative
charges in the adsorbates.® However, there is still disagree-
ment on the specific molecules that are most effective in
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forming the air-induced surface conductivity. There is
upward band bending in the diamond, and the Fermi level is
near the valence band maximum (VBM) at the surface. The
changes in band bending correspond to the changes in the
surface transfer doping. Furthermore, the surface hole den-
sity will be reflected in the relative position of the C 1s core
level binding energy determined by X-ray photoemission
spectroscopy (XPS).?

Although surface transfer doping can enable high per-
formance diamond FET operation, the surface conductivity
of the air-exposed H-terminated diamond surface is not ther-
mally stable above ~190°C in vacuum.'® The atmospheric
adsorbates desorb from the surface during heating above
room temperature, resulting in a drop of the hole concentra-
tion."! For electronic device applications, the stability of H-
terminated diamond FETs needs to be improved.

Kawarada et al. have reported the formation of a surface
hole accumulation layer after Al,O3 atomic layer deposition
(ALD) on diamond surfaces preheated to 450 °C. They sug-
gest that the ambient adsorbates are removed'? and that the
air exposure process is apparently not necessary to obtain
surface conductivity in the H-terminated diamond/Al,O3
structure. Apparently, dielectric layers, like Al,Os;, can
enable surface conductivity on H-terminated diamond with-
out molecular adsorbates. An indication that this process dif-
fers from the air-exposed, H-terminated surface is that the
surface conductivity of the dielectric/diamond interface is
retained at high temperature (>400 °C).

Various dielectric layers, including Si02,13 A1203,14
AIN, 'S HfO,,'® LaAl03,'"” M00s,'® and V,0s," which have
been used as insulators on the H-terminated diamond
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surface, have been deposited by thermal evaporation, ther-
mal atomic layer deposition (ALD), or metal organic chemi-
cal vapor deposition (MOCVD).

Plasma enhanced ALD (PEALD) is an energy-enhanced
ALD method that has been used to form high quality dielec-
tric layers for semiconductor devices. By using activated
oxygen species (e.g., O,*, O*, and O) generated by a plasma,
PEALD enables conformal and uniform amorphous Al,O;
film growth with an atomic scale thickness control, a
decreased deposition temperature and impurity density, and
also an increase of the growth rate and film density compared
with chemical vapor deposition (CVD) or thermal ALD.**!
However, there have been few results on H-terminated dia-
mond because the oxygen plasma step is thought to degrade
the 2D hole accumulation layer in H-terminated diamond.*?
Consequently, we are motivated to investigate how the sur-
face conductivity of H-terminated diamond can be preserved
and stabilized by using a dielectric passivation layer with an
in situ post-deposition treatment.

Il. EXPERIMENTAL

Thin layers of Al,O; were deposited on commercially
obtained optical grade 4 x 4 mm? type Ila CVD single crystal-
line undoped diamond (100) substrates and 3 x 3 mm? type Ila
CVD single crystalline diamond (100) substrates with lightly
boron doped epitaxial layers. The boron doped layer prepared
by Fraunhofer USA was used to mitigate the charging shifts
during X-ray photoemission spectroscopy (XPS). The boron
concentration was estimated using Fourier transform infrared
spectroscopy (FTIR) to be around 5-10x 10" cm ™. The
thickness of the epitaxial layer was ~6—10 um.

H-terminated diamond surfaces were achieved in a
hydrogen plasma excited with 1000 W microwave input for
15min at ~800°C (measured with an optical pyrometer).
The chamber pressure was maintained at ~50 Torr with a H,
flow rate of 400 standard cubic centimeters per minute
(sccm). After cooldown, the H-terminated diamond surface
was exposed to air for ~12h to obtain the atmospheric
adsorbates responsible for surface conductivity.

Al,O5 films were deposited by remote PEALD. The pre-
cursor was dimethylaluminum isopropoxide (DMAI,
[(CH5),AIOCH(CH3),],), and oxygen plasma was the oxi-
dizer. The PEALD growth rate was ~1.5 A/cycle at a sub-
strate temperature of 100 °C. Similarly prepared Al,Oj3 films
were shown to be amorphous.?'

After Al,O5 deposition, the surface was processed with
a hydrogen plasma post-deposition treatment for 30 min at
~500°C. The post-deposition hydrogen plasma was excited
by a radio frequency (rf) source (100 W, 13.56 MHz) applied
to a helical copper coil wrapped around a ~32 mm diameter
quartz tube located ~25 cm above the sample. The chamber
pressure was maintained at 100 mTorr with a constant gas
flow of 20 sccm controlled by a throttle valve in front of the
turbo pump.

The hole accumulation layer and the band bending of
the diamond surface region was further corroborated using
the binding energy of the C 1s core-level. The in situ XPS
measurements were performed after each process step using
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a monochromated Al K, X-ray source (hv = 1486.6eV) with
a bandwidth of 0.2eV and a R3000 Scienta analyzer with a
resolution of 0.1eV. All core level spectra were recorded
with a 0.05eV step, and the peak positions can be resolved
to ~=*0.05 eV by curve fitting.

The method proposed by Waldrop and Grant*® and Kraut
et al. was used®* for determining the valence band offset
(VBO). The method is represented in the following equation:

AEy = (EcL — Ev)pjamona — (EcL — Ev) a0, — AEcL, (1)

where AEy represents the VBO; Ecy is the binding energy of
the XPS core level; Ey is the valence band maximum
(VBM); (EcL-Ev)piamond OF (EcL — Ev) AL, are the binding
energy difference from the VBM to the respective core level;
and AE is the binding energy difference between the dia-
mond and Al,O3 core levels measured at the interface
(EGS-Ea ™).

The surface conductivity was characterized on 4 x 4 mm?>
type Ila undoped single crystalline diamond (100) substrates
by measuring the diagonal resistance and the position of the
corresponding C 1s core level. The distance between the two
probes was ~5.5mm. A small piece of gold foil was used
under each probe tip to increase the contact area.

lll. RESULTS

A. PEALD Al,O3; deposition and hydrogen plasma
treatment

For the H-terminated diamond surface after air expo-
sure, the C 1s core level binding energy was measured at
284.1eV. The O 1s core level showed features at 530.4eV
and 532.1eV, which may originate from C-O bonds and
adsorbates, respectively. After deposition of ~1nm Al,O;
on boron doped diamond, the Al 2p core level was clearly
observed at 73.7eV, indicating that a thin Al,O5 layer was
successfully formed on the diamond. However, the C 1s
peak shifted to a higher binding energy of 285.1¢V, indicat-
ing a transition from upward band bending to downward
band bending and a reduction of the surface hole accumula-
tion density. After hydrogen plasma, the C 1s binding energy
was restored to the same level as the conductive diamond
surface, while the Al 2p and O 1s core levels shifted to lower
binding energy by 1.7eV and 1.5eV, respectively. We note
that while H-diffusion may occur through the thin film and
weak points, the XPS results indicate that the surface is uni-
formly affected. With the deposition of an additional ~2 nm
Al,O3, the C 1s remained at 284.1 eV, which is characteristic
of the surface conductive state. The C 1s peak was not
affected by further Al,O5 deposition.

With the application of a hydrogen plasma to the 20 nm
AlLO3 layer, the Al 2p peak was fit with two peaks at
73.8eV and 75.1eV. The double peak was ascribed to Al,O3
layers at different depths. The result indicates that the hydro-
gen plasma treatment affected the surface of the Al,Oj3 layer.
Evidently, at different depths, the Al,O5 layers had different
levels of included charge. Figure 1 shows the C Is, Al 2p
and Ols core levels of the (100) B-doped diamond surface
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FIG. 1. The respective XPS scans of the O 1s, C 1s, and Al 2p core levels of (i) H-terminated diamond surface with air exposure, (ii) after 1 nm Al,O5 deposi-
tion, (iii) 500 °C H-plasma treatment, (iv) after 2nm Al,O; deposition, (v) after 20nm Al,O3 deposition, and (vi) 500 °C H-plasma treatment. (For different

elements, the intensity scales are adjusted for better visibility.).

after each process. The XPS core level binding energies are
summarized in Table I.

A control experiment was carried out to establish the
necessity of the ambient exposure before dielectric layer
deposition. A hydrogen plasma process at 500°C was
applied to hydrogenated undoped diamond to remove air-
induced adsorbates without destroying the H-termination.
After the in situ 500 °C, hydrogen plasma process, the C 1s
core level shifted from 284.0eV to 284.2eV, indicating a
change in the band bending, which is presumed to corre-
spond to the removal of air-induced surface conductivity.
After 2nm Al,O3 deposition, the C 1s shifted to 285.0eV. A
hydrogen plasma post-deposition process was able to restore
the C 1Is core level to 284.0eV. This indicates that air
induced adsorbates are not necessary to achieve the surface
conductivity of the H-terminated diamond/Al,Oj5 structure.

B. Correlation of binding energy and surface
resistance

Figure 2 shows the C 1s core level binding energy and
the surface resistance of the 4 x 4mm” undoped diamond
after each process. Initially, the H-terminated diamond surface
after the air exposure showed a surface resistance of ~30kQ,
which is consistent with the formation of a surface conductive
layer.”> The corresponding C 1s core level was measured at
284.1eV. We have observed a small variation of £0.1eV in
the C 1s core level binding energy of the H-terminated dia-
mond surface with air-induced adsorbates. This variation may
relate to the bulk Fermi level of the different diamond

TABLE 1. XPS of C 1Is, Al 2p, and O 1s core levels results for boron-doped
diamond. All values are in units of eV and have an uncertainty of £0.1eV.

Process Cls O ls Al 2p
H-plasma and air exposure ~ 284.1 530.6 and 532.1

1 nm Al,O3 deposition 285.1 531.1 73.7
H-plasma 284.1 532.6 75.4
2nm Al,O; deposition 284.0 521.2 74.1

20 nm Al,O5 deposition 530.6 and 531.4 74.1
H-plasma 530.4 and 531.5 73.8 and 75.1

substrates. After the first PEALD Al,O5; deposition, which
employed an oxygen plasma, the surface resistance increased
to ~3 MQ, and the C 1s core level shifted to a higher binding
energy of 286.3¢V, indicating the removal of the upward
band bending and the surface hole accumulation layer. With
hydrogen plasma treatment, the C 1s core level was restored
to 284.1eV, and the diagonal surface resistance decreased to
~20kQ. The hydrogen plasma process was able to restore the
upward band bending that was apparently removed during the
oxygen plasma process. With further PEALD Al,O3 deposi-
tion, the C 1s core level was not affected, and the surface con-
ductivity was not obviously degraded.

C. Plasma effects

The oxygen coverage was estimated from the XPS spec-
tra shown in Fig. 3, using the following equation:*°

Io Ic = —nXdpiamona
@0 =2/ xS exp | Diamond_|
SO / SC ; p )vDiamond X CoS ((P)

2
where @, the coverage in monolayers (ML), is the number
of absorbed O atoms per unit area (atoms/cm?) divided by
the number of surface C atoms per unit area (atoms/cm?). I
and Ic are the integrated intensities of the O 1s and C 1s
peaks from Fig. 3. Sp and Sc are the atomic sensitivity fac-
tors for the O Is and C 1s photoelectrons; dpiamond 1S the
spacing between two (100) planes, which is 3.57 A.
ADiamond =~ 18.9 A is the inelastic mean free path of C 1s elec-
trons with kinetic energies of ~1200eV;*’ ¢ is the angle
between the normal direction and the XPS energy analyzer,
which is 0° for this setup.

To determine the effects related to oxygen or hydrogen
plasma, the processes were successively applied to an H-
terminated undoped diamond surface. The oxygen plasma
used the chamber for PEALD Al,O; deposition. The oxygen
coverage increased from 0.15 ML for an atmosphere exposed
H-terminated diamond surface to 0.55 ML after oxygen
plasma. The C 1s core level shifted from 283.9eV for the
atmosphere exposed H-terminated surface to 284.3eV, and
the diagonal resistance increased to >1 MQ. The surface
conductivity was apparently destroyed by the oxygen plasma
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process as reported previously.*> A 500 °C hydrogen plasma
treatment identical to that used in the post-deposition treat-
ment was then applied to the air-exposed oxidized surface. A
fraction of the oxygen was removed, and the oxygen cover-
age decreased to ~0.25 ML. The surface conductivity was
restored as indicated by the C 1s core level which shifted to
284.0eV and the diagonal resistance which was reduced to
31.7kQ, a value within the range for surface conductive dia-
mond. The hydrogen plasma process was able to remove a
fraction of the oxygen atoms at the diamond surface and
restore the surface conductivity.

D. Oxide charge state

This section addresses the band shifts that occur in the
oxide after various processing steps. The presumption is that
charge in the oxide is changed due to diffusion of atoms or
molecules into/out of the dielectric layer or due to changing
the charge state of diffused species or defects.

For an H-terminated diamond surface with a thin
(~2nm) layer of Al,O3; and 500 °C hydrogen plasma treat-
ment, further PEALD Al,O3 deposition did not change the C
Is core level. However, with annealing at 500 °C, the Al 2p
and O Is core levels shifted 0.6 eV together to higher binding
energy, indicating a downward band shifting of the oxide
layer. This result suggests the charge induced by the oxygen

1600

plasma could be removed by annealing to 500 °C. With a fur-
ther 500 °C hydrogen plasma process, the Al 2p and O 1s
core levels shifted another 0.6eV towards higher binding
energy further increasing the downward band shifting. The
results of the Al 2p, C 1s and O 1s core levels are shown in
Fig. 4. The oxygen plasma and hydrogen plasma processes
have apparently induced opposite charge into the oxide
layer, which resulted in different band shifting.

We now consider the effect of a 500 °C H-plasma process
followed by a 500 °C anneal. A diamond surface with an 8§ nm
Al,O5 layer was processed with a 500 °C H-plasma. The C 1s,
O 1s, and Al 2p core levels are shown in Fig. 5. After the
30min 500°C anneal process, the C 1s was maintained at
~283.9¢eV indicating surface conductivity. The O 1s and Al
2p core levels were not affected by the anneal indicating that
charges in the oxide layer induced by hydrogen plasma were
not affected by the anneal process. The anneal results estab-
lished that the hydrogen plasma processed interface was
apparently thermally stable at 500 °C. This is a notable differ-
ence from an air exposed, H-terminated diamond surface.

IV. DISCUSSION
A. Interface model

An interface layer is used to explain the effects of the first
and second PEALD Al,O5 deposition on the diamond surface

O1s Ci1s
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(i)
FIG. 3. XPS scans for O 1s and C 1s
core levels of (i) H-terminated dia-
mond surface with air exposure, (ii)
after oxygen plasma treatment, (iii)
after hydrogen plasma treatment, and
(iv) air exposure. (For different ele-

ments, the intensity scales are adjusted
for better visibility.).
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FIG. 4. XPS scans of a diamond surface with a 2 nm layer of Al,O5 and hydrogen plasma treatment, showing the Ols, C 1s, and Al 2p core levels after (i) an
additional 2nm PEALD Al,O; deposition [this surface is essentially the same as scan (iv) in Fig. 1], (ii) 500 °C vacuum anneal, and (iii) 500 °C hydrogen
plasma process. (For different elements, the intensity scales are adjusted for better visibility.).

conductivity, and post-deposition hydrogen plasma treatment.
The effect of the initial H-termination and air exposure was
apparently removed by the oxygen plasma during the PEALD
process. With post-deposition hydrogen plasma treatment, the
surface conductivity is restored. Presumably, hydrogen atoms
can diffuse and incorporate into the diamond/Al,O5 interface
to modify the interface, such that electron transfer is promoted
from the diamond valence band into the interface layers.
Within this model, the interface layer is charged, as indicated
by the large shifts of the C 1s and Al 2p core levels. During
the following PEALD process, the interface layer is appar-
ently protected by the initial dielectric layers, and the charge
transfer layers are not destroyed by the oxygen plasma during
further PEALD cycles.

The air exposure process is apparently not necessary to
obtain surface conductivity in the H-terminated diamond/
Al,Oj5 structure, as indicated by the results in Sec. IV A. This
is consistent with the results of Kawarada et al. that showed
surface hole accumulation after Al,O; ALD on a diamond
surface preheated to 450 °C. In the post-deposition hydrogen
plasma treatment, the hydrogen atoms may form interface
bonding similar to that of ALD Al,O5; on diamond where
H,O is used as oxidant.

B. Band alignment schematics

For application as an FET, it is necessary to obtain inter-
face carrier confinement properties, which are determined by

the band offsets. According to Fig. 4, oxygen plasma induced
charge resulted in a 0.6eV shift of the Al 2p core level
towards lower binding energy. The VBO between as-grown
Al,O3 and diamond was determined to be 2.7eV by using
Eq. (1) and taking account of the plasma effects (i.e., 0.6eV
shift observed after thermal annealing). The value of (Ecp-
EV)A]203 was 70.6 £0.1eV (Ref 21) and (ECL_EV)Diamond
was 284.1 = 0.1eV. The diamond value was based on the
assumption that the VBM is at the Fermi level for the surface
conductive state. This band offset value is consistent with
other reported results.”® The band gaps of Al,O; and dia-
mond (5.47eV) are necessary to calculate the conduction
band offset (CBO). A previous study from our group
reported the band gap of PEALD Al,O5 as 6.7 =0.1 eV,
which was determined from the energy loss spectrum associ-
ated with the XPS O 1s core level. Using 6.7 eV as the band
gap of the Al,Os films, the Al,O3 conduction-band minimum
(CBM) is calculated to be 1.5eV below the diamond CBM.
The deduced band alignment diagram of Al,O3 on the dia-
mond is shown in Fig. 6(ii). The diagram shows that Al,O;
is able to confine holes but fails to confine electrons for the
surface conductive diamond.

Considering a charged interface layer and accounting
for the effects of hydrogen and oxygen plasma, the band dia-
gram and the charge transfer for each process step are sum-
marized in Fig. 6. In Fig. 6(i), for air-exposed, H-terminated
diamond, electrons transfer from the valence band into the

O1s C1s
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Al 2p
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FIG. 5. XPS scans of a diamond surface with a thin layer of Al,03 ~8 nm and hydrogen plasma treatment, showing the Ols, C 1s, and Al 2p core levels (i)
before and (ii) after thermal anneal at 500 °C. (For different elements, the intensity scales are adjusted for better visibility.).
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adsorbate layer, leaving an equal density of holes in the dia-
mond valence band.

After a thin PEALD Al,Oj3 layer, the diamond upward
band bending and the hole accumulation was reduced, result-
ing in the loss of surface conductivity, as shown in Fig. 6(ii).
Furthermore, during PEALD, the oxygen plasma process
introduces a concentration of defects or interstitial oxygen
atoms, which act as electron traps or acceptors in the oxide
layer.?"?? These defects are compensated by ionized impuri-
ties or defects in the interface layer. This charge/dipole layer
leads to an upward band shift across the interface layer, as
shown in Fig. 5(ii). An anneal to 500 °C reduces the upward
band shift, which may be due to diffusion and desorption of
excess oxygen.

The charge distribution after the post deposition 500 °C
hydrogen plasma treatment is shown in Fig. 6(iii). The
hydrogen plasma process modifies the interface layer and
restores the surface hole accumulation. The electron transfer
from the diamond into the interface layer results in a nega-
tively charged interface layer. The holes and electrons at the
interface result in upward band bending of the diamond
valence band. Moreover, a large downward shift of the oxide
core levels is observed. A 500 °C anneal does not reduce this
downward band shift. Evidently, the hydrogen plasma pro-
cess affects the oxide layer oppositely compared to an oxy-
gen plasma. A possible explanation is that the hydrogen
plasma introduces donor-like defects into the oxide near the
interface layer. These defects contribute negative charge into
the interface layer, and the positively charged donor states
contribute to a dipole layer that accounts for the shift of the
Al,O3 bands. It is notable that this configuration is stable
during a 500°C anneal indicating that the diamond/Al,0O;
interface is more thermally stable compared to the charges
trapped in air-induced adsorbates on diamond.

After additional PEALD Al,Os3, the donor-like defects
induced by the hydrogen plasma are removed and replaced
with acceptor-like defects. Also, the negative charges that
compensate the donor-like defects are removed and replaced
by the positively charged compensating acceptor-like
defects. This resulted in a 1.2 eV shift of the Al 2p core level
towards lower binding energy. However, the C 1s core level
did not change. Apparently the initial Al,O5 layers prevent
the interface reactions during the oxygen plasma process.
The conductivity of the diamond surface may slightly

Diamond AlLO3
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iv. 2nd Al,O3 as-deposited

FIG. 6. Interface band diagrams of
Al,O3 on diamond showing band bend-
ing and possible charged states distri-
butions after each process: (i)
hydrogen terminated diamond with air
exposure, (ii) 1st PEALD Al,O3 depo-
sition ~1nm, (iii) hydrogen plasma
treatment at 500°C, and (iv) 2nd
PEALD Al,O3 deposition ~2nm. The
charges in the schematic diagram indi-
cate their spatial position, not their
energy relative to the band gap.

Diamond AlO3

© Acceptor-like defects induced by oxygen plasma
@ Donor-like defects induced by hydrogen plasma

degrade due to the changes of the charge transfer state within
the oxide and interface layers. The charge configuration and
band alignment after additional PEALD Al,O3 deposition is
presented in Fig. 6(iv).

V. CONCLUSION

In this research, surface conductive diamond was
achieved with Al,O5; employed as a dielectric layer depos-
ited by PEALD with a post-deposition hydrogen plasma
treatment. The change of surface conductivity is monitored
in situ using the C 1s core level and ex situ by electrical
measurements. The VBO between Al,Oz and diamond is
determined to be 2.7¢eV, and the CBO is determined to be
—1.5eV. The Al,Os is able to confine holes for the surface
conductive diamond, enabling a diamond based FET.
However, Al,O3; is not able to confine electrons on H-
terminated diamond. The post-deposition hydrogen plasma
treatment significantly affects the surface conductivity of
diamond by changing the interface structure and the interface
charge state. Moreover, the interface band alignment is ther-
mally stable during an anneal at 500 °C, suggesting a charge
configuration that differs from air exposed H-terminated dia-
mond. It is proposed that a charged interface layer plays a
critical role in the surface conductivity of the diamond and
the band alignment of the diamond/Al,O5 interface.
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