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Abstract
High-pressure high-temperature nanodiamonds (NDs) with hydrogen and oxygen surface termination are
deposited on ITO coated glass substrates as well as on gold layers. Scanning probe microscopy is used for
characterization of their microscopic electrical and electronic properties. Namely, conductive AFM was used
to detect electric conductivity of NDs which prove that they act similarly to bulk diamond: hydrogen terminated
NDs are electrically conductive whereas oxygen terminated NDs are electrically insulating. Work function (WF)
of the ND-TCO systems were characterized by Kelvin probe force microscopy. It turned out, that WF of NDs
on ITO is not stable in time. WF of H-NDs on ITO is changed by 150 mV to lower WF within 17 days. WF of
O-NDs is varying in the range -250 mV up to +650 mV without any monotonous trend, which reflects their
insulating character.
Keywords: Nanodiamonds, ITO, surface termination, Kelvin probe force microscopy, conductive atomic
force microscopy, work function

1.

INTRODUCTION

Photovoltaics covers large family of specific designs and material composition. Apart from the mostly used
silicon photovoltaic (PV) cells, nowadays there is a remarkable increase in development of organic and
perovskite PV cells. Their basic design consists of an opaque metal back electrode, active medium, and a
transparent top electrode. To achieve best PV operation, the energy levels of the electrodes must be optimized
for the best charge carrier collection [1]. The most common material for the transparent electrode is indiumtin-oxide (ITO). To enhance the PV operation additional interfacial layers are deposited between the active
material and the ITO electrode like PEDOT:PSS [2] that is a hole conducting material and acts as an electron
blocking layer. However, PEDOT:PSS is not an ideal solution as it is hygroscopic and acidic which causes
degradation of the active medium [3]. Therefore, there is a demand to find a replacement [4].
Diamond is a well-known material due to its high durability, chemical stability, high thermal conductivity, or
optical transparency across the visible spectrum due to its large energy bandgap (5.5 eV) [5]. From this point
of view, diamond is a wide bandgap semiconductor that is electrically insulating at ambient conditions in its
intrinsic form. However, it may become electrically conductive when doped or when its surface is terminated
by hydrogen atoms [6]. In the latter case a thin (~10 nm) hole-conducting layer is formed on the surface. Yet,
the conductivity of such a layer is not high enough (resistivity in the order of 104 kOhm/sq [7]) to be used as
an effective electrode in PV cell directly.
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Preliminary experiments indicated that nanodiamonds (NDs) inherit all these extraordinary properties of
diamond including the hole conductivity when hydrogen terminated [8]. Moreover, computational modelling
indicates that in a system of a diamond nanocrystal and an organic dye, there occurs a space separation of
the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) [9]. Thus,
NDs are of high interest for many applications including photovoltaics for the use both as a hole conducting
interlayer and as part of the active medium. They are available in large quantities at low pricing, their surface
termination can be modified similarly to the bulk diamond and their processing is not technically demanding as
they are purchased in the form of a powder or a colloid solution.
In this work the electronic properties of ND layers on ITO are characterized. Conductive atomic force
microscopy (C-AFM) is used for testing their electrical conductivity and Kelvin probe force microscopy (KPFM)
studies the change in surface potential that usually corresponds to a change in WF. The study is focused on
NDs with two surface termination: hydrogenated NDs (H-NDs) and oxidized NDs (O-NDs).
2.

EXPERIMENTAL DETAILS

High-pressure high-temperature NDs with a median size of 18 nm and size range 0-25 nm were purchased
from Microdiamant AG. Initially, they were annealed in air at 450 0C for 5 hours. Hydrogenation was done in
hydrogen atmosphere at atmospheric pressure at 800 0C for 6 hours. The colloid solutions were prepared by
dissolving 1 mg of NDs in 1 ml of deionized water, ultrasonicating for 1 hour (at ~ 50 W) and decanting for 12
hours. The supernatant upon the decantation was used for samples preparation.
C-AFM was performed on an Icon system by Bruker equipped by a PeakForce TUNA (PF-TUNA) module
using Multi75E-G probes (BudgetSensors). The system was operating in the PeakForce TUNA mode and for
current detection the Contact current channel was used. The PeakForce setpoint was set to 18 nN and the
bias voltage applied to the sample was -2.5 V. For PF-TUNA experiment NDs were drop-cast on a fresh
thermally evaporated gold film on a glass substrate.
KPFM experiments were performed by an NTEGRA Prima system (NT-MDT) equipped with an infrared laser
in the detection system using Multi75E-G probes (BudgetSensors). Here, ITO covered glass substrates were
cleaned by ultrasonication in acetone, isopropanol and deionized water and dried by nitrogen flow. NDs were
drop-cast on the surface and let evaporate on a hot plate (60 °C, 1 min). As the measurements were repeated
within several weeks and consequently several probes (though of the same type) with different properties were
used, we compare here the difference of surface potential between the NDs and the value measured on bare
ITO surface on the same sample within the same measurement session, thus with the same tip and microscope
parameters.
3.

RESULTS AND DISCUSSION

Because NDs are not firmly attached to the ITO surface, the common conductive AFM method in contact mode
cannot be used. The PF-TUNA regime is more suitable as the contact force is controlled at each probe
approach-retract cycle [8]. Topography images (Figure 1) show that the measurement is performed on dense
ND layers of O-NDs (Figure 1a) and H-NDs (Figure 1b) without protrusion to the underlying substrate.
Topography of both samples are quite similar, the individual NDs are distinguishable by the AFM tip. In
contrast, corresponding local current maps present a huge difference in electric conductivity. In similarity to
bulk diamond, O-NDs are electrically insulating (Figure 1c; white color corresponds to electric current close to
zero), while H-NDs are electrically conductive (Figure 1d; dark color corresponds to electric current below the
bottom limit of the z-scale). Moreover, the electric conductivity is homogeneously detected on all the H-NDs,
which is different from the data in literature, where only few of H-NDs were conductive [8]. This indicates that
the used method of thermal hydrogen termination is more efficient than the plasma method used in [8].
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Figure 1 AFM topography (a, b) and local current maps (c, d) of O-NDs (a, c) and H-NDs (b, d). Z-scale for
topography images is 150 nm, z-range for local current maps are from -5 pA to 0 pA.
For PV applications it is important to know and tune the work function of the PV systems and components.
The WF of ITO (and hence the measured surface potential by KPFM) is known to vary within a range 4.1 to
4.7 eV when measured under vacuum by UPS or XPS [10]. Under ambient conditions, like in the case of KPFM
or Kelvin Probe the obtained WF is typically higher: up to 5.2 eV [11]. It is also known that its WF may be
influenced by as much as 0.8 eV by surface treatments [10]. Our control KPFM measurement showed that the
ITO WF value is very close to the one of a gold reference, that is known to be 5.0 eV [12]. However, the
measured value was different at each measurement session and varied also from sample to sample
(Figure 2a). Therefore, in this work we compare and watch a trend in time of the difference between the WF
of NDs and the WF if bare ITO on the same sample. The results are presented in Figure 2b. Note, that in our
experimental setup the positive value of the difference corresponds to a decrease in WF and vice versa.
Right after the deposition the WF of H-NDs is approx. 50 mV lower than the one of ITO. During the period of
17 days the WF of H-NDs exhibit continuous differentiation from the WF of ITO up to approx. 150 mV that
corresponds to an effective WF of 4.85 eV. This is close to a value 4.9 eV reported for bulk hydrogenated
diamond surface [13].
O-NDs follow a trend that is expectable for an electrically insulating material: WF is not properly defined and
thus the KPFM results display somehow random value at which the measurement feedback control is
stabilized, possibly influenced by a trapped electrostatic charge. Both effects are not under control and,
therefore, each additional measurement provides non-predictable results.
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a)

b)

Figure 2 a) Potential values as measured by KPFM using a PtIr coated silicon tip on NDs and on the bare
ITO on the corresponding substrates. b) Potential difference between the measured surface potential on ITO
and on NDs as a function of time and ND surface termination.
From the data above it seems that H-NDs are the more promising candidate for application in PV as a hole
transporting layer as they maintain electric conductivity and the WF of the ITO/H-NDs system is more stable
in time. Also the results on O-NDs are important for further research, as recently, it was demonstrated that not
specifically H-NDs or O-NDs, but their mixed surface termination provides the best opto-electronic response
when interacting with polypyrrole [14]. Further experiments to study the details of interaction of NDs with ITO
and other materials relevant for PV are in preparation.
4.

CONCLUSION

We performed microscopic electronic characterization of H-NDs and O-NDs by means of PF-TUNA and KPFM
on Au and ITO substrates, respectively. By PF-TUNA we showed that similarly to bulk diamond, properly
hydrogenated H-NDs kept the surface conductivity down to nanoscale while the oxidized O-NDs remained
insulating. These properties were further reflected in the KPFM characterization. It was demonstrated that
deposition of differently surface terminated NDs could effectively modify the WF of the system. H-NDs shifted
WF close to a common WF value reported for hydrogen terminated diamond, thus acting as a conductive
capping layer. In contrast, the deposition of O-NDs resulted in scattered WF values most probably due to their
insulating properties and subsequent poor definition of their WF with possible contribution of an uncontrolled
electrostatic charging effect.
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