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The transport properties of two-dimensional hole gases (2DHGs) on chemical-vapor-deposition (CVD)-grown
diamond are investigated. A hydrogen plasma treatment and exposure to ambient atmosphere are used to es-
tablish and tailor the properties of the 2DHG. The transport parameters of the 2DHGs (namely carrier density
and mobility) are characterized by temperature-dependent Hall measurements. The importance of the surface
oxygen adsorption, determined by X-ray photoelectron spectroscopy (XPS), on the carrier density and mobility is
shown. Hall measurements reveal that for oxygen concentrations below 2.2% (relative XPS signal) the carrier
density is increasing from 1.4-10'° cm™2 to 1.5-10'® cm ™2 with increasing oxygen adsorption. For oxygen
concentrations above 2.2%, the charge carrier density decreases again. The carrier density remains constant over
a temperature range between 4.2 K and 325 K. At room temperature, the mobility increases with decreasing

carrier concentration. The opposite behavior is observed for 4.2 K.
By decreasing the surface roughness to 8.2 nm, we were able to increase the mobility to above 250 cm2/V s at
room temperature for a carrier density of 1.2-10'® cm ™2, This is among the highest values reported for 2DHGs

on diamond.

1. Introduction

Diamond is a promising wide bandgap semiconductor with a
bandgap of 5.5 eV, high charge carrier mobility of 3800 cm?/V s for
holes, 4500 cm?/V s for electrons [1] and a high breakdown field of 10
MV/cm. However, diamond has a vanishing intrinsic charge carrier
concentration, and all technologically relevant dopants have relative
high activation energies (e.g. 360 meV for boron [2]). Therefore, the
technically advantageous saturation regime is not reached.

A promising method to achieve saturation-like (temperature-in-
dependent) conductivity is based on the transfer doping mechanism
[3], which leads to a two-dimensional hole gas (2DHG) on hydrogen-
terminated diamond. Here, the lowest unoccupied energy level of ad-
sorbates is below the valence band maximum of diamond. Therefore,
electrons are transferred into these acceptor states and leave behind
holes at the diamond surface, which form the 2DHG [3]. It was shown
that ambient atmosphere can provide these acceptors. Possibly, H3O " -
ions from a water layer are the responsible acceptors [3]. New results
however, suggest that NO, [4,5] or rather NO3;~ [6] from the atmo-
sphere induces the 2DHG.

In recent years, metal oxides attracted attention in literature. These
metal oxides, e.g. Al,O3, possess the ability to substitute the already
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mentioned acceptor on the surface, while giving longtime and thermal
stability [7]. Additionally, these metal oxides can be used as an in-
sulator for field effect applications [8].

The transport properties of the 2DHG on diamond have been ex-
tensively studied and it was shown that they strongly depend on the
surface properties (type of functionalization, crystallinity, roughness,
crystal orientation). The carrier density reported in the literature ranges
from 3.5-10" em =2 [9] to 2.6-10'% ecm 2 [10] for samples exposed to
ambient atmosphere. Samples exposed to NO,-enriched atmosphere
could reach carrier densities of up to 1.5-10'* cm ™2 on (110) surfaces
[11]. Coated with transition metal oxides high carrier densities up to
2.5-10'* ¢m ™2 were achieved [12].

To explain these differences in carrier densities, Riedel et al. pro-
posed that oxygen bound to the diamond surface is responsible for the
electron transfer to the acceptor state at the surface [13]. Additionally,
Wade et al. showed that the carrier density can be increased by in-
creasing surface roughness [14] and explained the increase with the
formation of “reactive sites”. Thus, three conditions must be fulfilled for
a 2DHG to be formed: (i) hydrogen termination of the diamond surface,
(ii) acceptor states at the surface and (iii) “reactive sites” that enables
the electron transfer to said acceptors, although it is not completely
clear what the “reactive sites” are [13,14].
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The highest mobilities of 223 cm?/V s at room temperature for a
carrier density of 6-10"! cm ™2 were observed on hydrogen-terminated
diamond [15], which is much lower than the limit for undoped bulk
diamond, having a mobility of 3800 cm?/V s [1]. The low mobility has
been attributed to surface impurity scattering as the limiting factor and
to surface roughness [16]. The surface impurity density is equal to the
carrier density of the 2DHG and therefore the general trend in literature
shows that the mobility decreases with increasing carrier density [9].

However, a complete understanding of the formation of the 2DHG
and its transport properties, given by different parameters is still
missing.

This work is intended to deepen the understanding of the influence
of the amount of oxygen bound (C=O0) to the surface on the transport
properties of the 2DHG. For this purpose, the C=0 concentration at the
diamond surface was experimentally increased and quantitatively
measured by XPS and the values correlated to the transport properties
of the 2DHG over a wide temperature range (4.2 K up to room tem-
perature). Additionally, a comparison of the transport properties of
diamond samples with the same oxygen concentration but different
surface roughness was made to investigate the influence of the rough-
ness on the carrier mobility in more detail.

2. Experimental details
2.1. Sample fabrication

The substrates used were optical grade, single crystalline <100>
oriented diamond chips (ElementSix) with sizes of 3 X 3 mm. A thin
diamond film was synthesized using a custom-built Microwave Plasma-
assisted CVD reactor based on a 2.45GHz IPLAS CYRANNUS I-6”
plasma source [17]. The functional principle of this microwave plasma
source is based on a resonator with annular slot antennas. This special
setup allows for minimal interaction between the plasma and the re-
actor walls at the deposition pressure.

The samples were placed on a molybdenum substrate holder and the
chamber was pumped down to < 10~7 mbar. Prior to deposition, a
hydrogen plasma was used to clean the sample and sample holder (200
mbar pressure, 2.6 kW microwave power, 400 sccm gas flow, 45 min
exposure time). Two different deposition processes were used. The
process parameters were 120 mbar, 1.26 kW, 500 sccm H,, 57 sccm
CH, for the first sample and 140 mbar, 1.5 kW, 376 sccm Hy, 24 sccm
CH, for the second sample. The substrate temperature was 810 °C in
both cases. The growth duration was 6 h and the growth rate was 6.5
um/h for the first sample and 3.6 pm/h for the second sample. The
samples were not polished to avoid the possible introduction of surface
defects [18]. The resulting surface roughnesses were 8.2 nm and 21.1
nm for the first and second sample, respectively. Because of the missing
polishing step, these surface roughnesses are higher than those in other
studies.

Using a hydrogen generator (cmc Instruments GmbH type HG1200-
2T) and a methane purifier (Mono Torr type PS4-MT3-531), a purity of
the process gases of 7.0 (99.99999%) for hydrogen and 9.0
(99.9999999%) for CH, was achieved. The leakage of the vacuum
chamber was estimated to be around 2.4-10~* sccm. This led to a ni-
trogen concentration of the grown layer below 1 ppb, based on an in-
corporation rate of 104 [19]. The nitrogen (n dopant) in the diamond
films can also saturate the acceptor states at the surface and thus reduce
the charge carrier density of the 2DHG. Taking the approach from
Ristein et al. [20] we calculated that approximately
3.3-10'% surface charges/cm ~2 will not contribute to the 2DHG, but
saturate the residual nitrogen doping. This is negligible compared to
optical grade diamond films with a compensation charge density of
approximately 1-10'% cm ™2

Metallic contacts to the 2DHG were fabricated by standard photo-
lithography and evaporation of 10 nm NiCr as an adhesion layer and
100 nm Au. A Hall bar geometry was defined by selectively removing
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the 2DHG through an 18s long oxygen plasma treatment, using pho-
toresist as a protective mask. Fully oxygen terminated diamond is in-
sulating [3]. We carefully measured the resistance in two point geo-
metry to ensure that the plasma treatment lead to insulating surfaces.
After processing, photoresist residues are found on the diamond sur-
face, which could affect the transport properties as well as the X-ray
photoelectron spectroscopy. Therefore, the remaining resist was re-
moved using a hydrogen plasma treatment under conditions that etch
the resist but do not affect the hydrogen or oxygen termination.

To increase the amount of oxygen on the surface and thus the
concentration of the 2DHG, the sample was annealed at 200 ° C under
constant oxygen flow with a pressure of 8 mbar for various times as this
is a durable method to increases the oxygen concentration on the dia-
mond surface compared to UV treatments [21].

It has to be mentioned that there are several studies that show that
the carrier density can change with small changes in the NO, con-
centration in the atmosphere [4,5,8] and in air-exposed samples due to
small changes in temperature and humidity [7].

In this study, we have taken great care to avoid these negative in-
fluences by the environment. (i) Our samples were kept in ambient
atmosphere for at least 1day. This allowed the samples to reach an
equilibrium state with the environment, as there were no changes in the
conductivity after 3 h in ambient air were observed. Afterwards, the
samples were mounted in a closed cryo-cycle cryostat with an inner
vacuum chamber that was pumped down to a pressure of < 10> mbar.
The sample in the vacuum chamber establishes an extremely stable
environment, hence, we could not see any changes in carrier density
over the period of 3 days. All the XPS measurements were done under
the same vacuum conditions.

2.2. Characterization

X-ray photoelectron spectroscopy (XPS) was used to determine the
quantity of adsorbed oxygen. Aluminum K, radiation was focused on a
small area with a diameter of 50 pum. The charging of the surface was
compensated using low energy electrons and Argon ions. The offset in
binding energy was identified using an in situ sputtered copper foil.

The surface roughness was determined using an atomic force mi-
croscope at four different spots over an area of 25 x 25 um?>.

The Hall voltage U,, was measured in the closed cycle cryostat in
magnetic fields —2 T < B < 2T with an increment of 0.05 T in the
temperature range 4.2 K to 325 K. From the slope jT';y’ the carrier

Isp dB .
D 22 where Igp is the current

density was calculated using n = =>--——,

Xy
through the 2DHG. The conductance S was measured in 4-point geo-
metry and the mobility was calculated as p = %%, where % is the

width-to-length ratio of the Hall bar.
3. Results and discussion
3.1. X-ray photoelectron spectroscopy (XPS)

Wide energy range XPS spectra are shown in Fig. 1a. For all spectra
taken in this work, we could only observe a signal from the O 1s core-
shell at a binding energy of 531.4 eV and the C 1s core-shell at 285 eV.
To determine the amount of adsorbed oxygen, the C 1s (Fig. 1b) and O
1s (Fig. 1c¢) signals were deconvolved with a signal at 285.7 eV for the C
1s and 532.1 eV for the O 1s.

This signal is correlated to oxygen bounds to the diamond surface.
By comparing these values with the literature this signal can be iden-
tified as C=0 [22,23]. Taking the relative sensitivity factor RSF into
account, the concentration was calculated from the area of the O 1s and
the C 1s signal. The concentration shown in Fig. 1a is an average over
both C=O0 signals. Additionally, the Auger signal (not shown here)
from carbon was studied. The width of the Auger signal, the so-called D-
parameter, is an indicator for the sp2 to sp3 ratio [24]. A width of 13 eV
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Fig. 1. XPS characterization of the synthesized diamond surfaces. a) Scan over a
wide range of binding energies. Only signals for carbon and oxygen were ob-
served. b) High resolution scan of the C 1s signal for an oxygen concentration of
2.2% with deconvolution for C=0 (orange line). ¢) High resolution scan for O
1s signal for an oxygen concentration of 2.2% with C=O (orange line).

as measured for all samples in this work, shows that pure diamond
without surface contamination (e.g. residual resist from processing) was
observed in the Auger signal of the spectrum.

3.2. Charge carrier density

In the range between 0% and 0.6% oxygen adsorbed on the dia-
mond surface, no conductivity of the 2DHG could be measured. For
higher oxygen concentrations, the temperature-dependent hole carrier
density is shown in Fig. 2b. Note that for some oxygen concentrations,
data points are missing below a specific temperature. In these mea-
surements, the mobility was less than 1 cm?/V s and we were unable to
reliably determine the hole carrier density at low temperatures [26].

By increasing the oxygen adsorption from 0.7% to 1.7%, the hole
carrier density increases by three orders of magnitude, i.e. from
1.1-10'° em ™2 to 1.2- 10" cm ™2 For oxygen adsorption above 1.7%,
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the increase is marginal to 1.5-10" cm ™2, This confirms the results
from Riedel et al., who suspected that for low oxygen coverage the
carrier density increases [13]. When increasing the oxygen adsorption
to above 2.2%, the carrier density decreases and reaches 2.6-10'2
cm ™2 for an oxygen concentration of 10.1%. The decrease of carrier
density for higher oxygen coverage can be explained with the en-
ergetically unfavorable positive electron affinity of 1.7 eV for the C=0
dipole, which increases the chemical potential of the acceptor with
respect to the valence band maximum. This illustrates that oxygen
fulfills two competing functions: (i) oxygen enables the electron
transfer from the diamond surface to the acceptor states and (ii) oxygen
is energetically unfavorable for the transfer compared to hydrogen.
Fig. 2a shows that effect (i) is dominant for oxygen coverage below
2.2%, while effect (ii) is dominant for oxygen coverage above 2.2%.

Additionally, the carrier density is temperature independent down
to 4.2 K. This is in contrast to results by Kubovic et al. [5], where a
temperature dependence with an activation energy of 37 meV was
observed.

To assess the influence of surface roughness on the hole carrier
density, two sample were grown with roughness of 8.2 nm and 21.1 nm
(root mean square, RMS). With 1.6% and 1.7%, respectively, the
oxygen coverage of both samples was identical within the measurement
accuracy. We found that for both samples, the measured carrier density
is 1.2-10'2 cm ~2, which leads us to conclude that the “reactive sites” as
mentioned in Ref [14] are related to adsorbed oxygen rather than edges
and kinks caused by surface roughness. This is also in good agreement
with the results from Crawford et al. who also measured similar carrier
densities for different surface roughnesses [27]. The observation in [14]
of an increasing carrier density with increasing surface roughness can
be explained by increased oxygen adsorption at edges and kinks, where
dangling bonds provide favorable binding sites for O atoms.

In Fig. 2a, the hole carrier density is shown for different oxygen
coverage. To estimate the oxygen coverage, the density of surface
carbon atoms is calculated by (atomic density)®>- [C = O]. The density
of adsorbed oxygen is for all measured values at least 4 times higher
than the carrier density. Riedel et al. [13] suggested that each adsorbed
oxygen creates one hole. In the range between 0.7% and 1.7% we can
observe a one-to-one correspondence between oxygen coverage and
hole carrier density. We also assume that this behavior is accurate for
lower oxygen concentrations. However, the produced holes must first
saturate charge traps on the surface.

As already mentioned in Section 2.1, the carrier density is
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Fig. 2. a) Charge carrier density for different amounts of adsorbed oxygen. The black dots represent the measured charge carrier density. The black line illustrates the
case when the charge carrier density of the 2DHG would correspond to C=0O coverage. The orange line is a guide to the eye. b) Temperature dependent carrier
density for different amounts of adsorbed oxygen. ¢) Mobility measured at room temperature for different oxygen coverage for the sample with rms = 21.1 nm. The
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Fig. 4. Temperature dependent mobility of two different samples with the same
carrier density and different roughness. The corresponding carrier densities are
1.19-10*% cm ™2 with a surface resistance of 8.1 kQ at room temperature (red
curve) and 1.22-10'% cm ™2 with a resistance of 2 kQ at room temperature
(black curve). (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)

dependent on the composition of ambient air [4,5,7,8]. We cannot
exclude that the adsorbates formed on the diamond surface is the same
after every annealing cycle. However, small changes in ambient air
cannot explain an increase in carrier density by three orders of mag-
nitude as the highest increase in carrier density due to strong changes in
the environment is a factor of 7 [5]. Also, all measurements were
performed under prolonged exposure to vacuum conditions.

3.3. Mobility

The temperature dependent mobility for different concentrations of
adsorbed oxygen is shown in Fig. 3, corresponding to the measured hole
carrier densities in Fig. 2.

For high carrier densities above 1-10'® cm ™2, the mobility shows a
weak temperature dependence between 4.2 K and 325 K. The low
temperature dependence is attributed to screening effects of the 2DHG
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[25]. For carrier densities between 7-10'! ecm™2 and 1.5-10'% cm ™2

the mobility decreases with increasing carrier densities at room tem-
perature but decreases strongly for lower temperatures. The high mo-
bility at room temperature can be attributed to two possible reasons: (1)
low surface impurity scattering due to the low density of acceptors at
the surface [16], (2) decreasing surface roughness scattering with de-
creasing carrier density due to a weaker band bending and therefore
higher separation of the carriers from the surface [25]. This explanation
is further supported by the fact that the mobility at room temperature
decreases with increasing carrier density. At lower temperature (e.g.
T~160 K) an increasing mobility can be observed with increasing
carrier density. At low temperature, the ionized impurity scattering
becomes more important, and a high carrier concentration more ef-
fectively screens the potential seen by 2DHG [16,25].

For carrier densities below 7-10'' cm™2 the mobility is below
SSCTmzs and decreases to < 1 cm?/V s for temperatures below 280 K.
This is attributed to weak screening for low carrier densities.

As already mentioned, for high carrier densities the surface rough-
ness is an important effect. Therefore, the mobility can be increased by
reducing the diamond surface roughness. This is demonstrated in Fig. 4,
where the mobilities of the two samples 21.1 nm to 8.2 nm RMS
roughness are compared. Both samples were prepared to have the same
carrier density (p = 1.2-10" cm™?) to rule out the effects of surface
impurity scattering and screening effects. It can be observed that the
mobility increases from 65 cm?/V s to 261.7 cm?/V s at room tem-
perature and from 55.6 cm?/V s to 201.6 cm?/V s at 20 K. Additionally,
for low temperatures (T < 60 K) the mobility increases by increasing
the temperature in both samples and then becomes weakly temperature
dependent. We therefore suggest that both T-dependencies have the
same origin and that the surface roughness scattering process is tem-
perature independent, as already suggested by Li et al. [16].

4. Summary

Hydrogen-terminated diamond samples with low nitrogen bulk
contamination were examined for their 2DHG transport properties at
the surface. It was found that the concentration of adsorbed oxygen at
the surface plays an important role. The dependence is non-monotonic
and can be separated into two regions: (i) below an oxygen coverage of
2.2%, the carrier density increases by more than three order of mag-
nitude, (ii) above 2.2%, the carrier density decreases again with oxygen
coverage.

The coverage of oxygen at the surface was always higher than the
carrier density. However, our data supports a model in which a one-to-
one correspondence between oxygen coverage and hole carrier density
exists, although only in a range between 0.7% and 1.7% oxygen cov-
erage. It is also shown that the mobility is directly influenced by the
carrier density. At room temperature, the mobility is limited by the high
concentration of ionized adsorbates on the surface or by low screening
dependent on the carrier density. At liquid helium temperature the
mobility is limited by screening. The surface roughness scattering is a
crucial factor at all temperatures. We observed a strong increase of the
mobility to above 200 cm?/V s when decreasing the roughness from
above 20 nm to below 10 nm RMS.
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