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Surface potential of chalcopyrite films measured by KPFM
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Atomic force microscopy is widely used to characterize the surface topography of a variety of samples.
Kelvin probe force microscopy (KPFM) additionally allows determining images of the surface potential
with nanometer resolution. The KPFM technique will be introduced and studies on surfaces of chalcopyrite
semiconductors for solar cell absorbers will be presented. It is shown that operation in ultra-high vacuum
(UHV) is required to obtain meaningful work function values. Different methods for obtaining UHV-clean
surfaces are presented and KPFM studies on these are compared. Surfaces where prepared by in-vacuum
deposition, inert-gas transfer, in-vacuum decapping of a protective Se-cap and a peel-off method. Finally,
a sputter-annealing cycle also allows to obtain well-suited surfaces for KPFM studies. Employing KPFM,
variations in the local surface potential at grain boundaries of polycrystalline CuGaSe films were observed.
A potential drop indicates the presence of charged defects at grain boundaries. Furthermore, different
electronic activity was found for different grain boundaries, as concluded from studies under illumination.
Using laterally resolved surface photovoltage, a Cuz_,Se impurity phase could be observed in CuGaSe..

Copyright line will be provided by the publisher

1 Introduction Photovoltaic energy conversion is one route followed in the quest for a sustainable
energy supply in the future. Thin film solar cell technologies offer a high cost reduction potential compared
to standard silicon wafer technology. With their high power conversion efficiencies on the laboratory
scale, thin film solar cells from the Cu-chalcopyrite materials system are a promising candidate for this
technology; in fact, pilot production lines have recently been started. Currently, the highest efficiency
of nearly 20% is obtained for Cu(In, Ga)Ses containing ~ 30% of Ga [1]. A typical solar cell consists
of a metallic Mo layer on a float glass substrate, a polycrystalline p-type Cu-chalcopyrite absorber layer
with a typical thickness of 2 pm, a thin buffer layer (typically CdS) and the n-type double layer window
(ZnO). A NiAl grid provides the front contact. A wide variety of growth techniques for the chalcopyrite
absorber have been studied, including evaporation, sputtering and subsequent rapid thermal processing in
chalcogen atmosphere, chemical vapor deposition, metal organic vapor phase epitaxy and electrochemical
deposition. In such multilayered structures the various interfaces play a crucial role, as they are prone to
contain electronically active defects causing electronic losses in the device. The polycrystalline character
of the materials introduces additional effects, as for example varying composition in different grains and
grain boundaries [2]. Recently, also compositional variations on the nanometer scale have been proposed
[3]. Therefore, studies of surfaces and interfaces are highly important in order to further the understanding
of these materials and eventually increase their efficiency towards the theoretical limit of ~ 30% [4].
Compared to Si or III-V semiconductors, reported surface studies on chalcopyrite semiconductors are
rather limited. R. Scheer [5] has reviewed some early studies with a focus on surface conditioning by
physical and chemical methods. Also some photoemission spectroscopy (PES) studies have been reported
(see for example [6]). However, information about lateral variations on a length scale of the grain size is not
available in these studies. With the development of atomic force microscopy (AFM) a widely applied tool
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for surface characterization has become available [7]. The AFM has been extended by combination with
various surface characterization techniques allowing access to a variety of information with high spatial
resolution [8]. One representative of these enhanced AFM is the Kelvin probe force microscope (KPFM)
which allows the spatially resolved measurement of the contact potential [9]. In recent years, KPFM has
also been applied to the characterization of chalcopyrite solar cell materials and devices [10, 11]. This
paper will introduce the KPFM technique and review a variety of KPFM studies on chalcopyrite materials.
The surface condition is a crucial point in electronic surface characterization, therefore the paper will focus
on studies performed under ultrahigh vacuum (UHV) conditions.

2 Experimental The KPFM is based on the non-contact AFM (NC-AFM), which measures the to-
pography of a sample by means of the change of the cantilever’s resonance frequency when tip-sample
forces act on the cantilever [12]. In the frequency modulation technique (FM-mode), normally applied in
UHY, the tip-sample distance is controlled by maintaining a constant frequency shift with respect to the
free resonance frequency [13]. The cantilever is sensitive to the force gradient between tip and sample,
thus providing for the high spatial resolution of NC-AFM [14]. The KPFM specifically makes use of the
electrostatic forces between tip and sample and allows the measurement of the contact potential [9]. In
addition to the normally applied dc voltage (V) between tip and sample, an ac-voltage V,.sin(wt) at a
frequency w is applied. This results in an oscillating electrostatic force, which induces an oscillation of the
cantilever at the frequency w. The tip-sample system can be considered as a capacitor, and the electrostatic
force can be expressed as:

10C 10C
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where 0C'/0z is the capacitance gradient of the tip-sample system and Vop = A® /e the contact potential,
which is the difference in work function between tip and sample (e is the elementary charge). Equation (1)
can be written as F; = Fy. + F,, + F5,,, with the spectral components:
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The dc part Fy. contributes to the topography signal, F, at the ac-frequency is used to measure the contact
potential and the contribution F5,, can be used for capacitance microscopy. Using a lock-in amplifier the
amplitude of the cantilever oscillation at w is detected. This signal is minimized by controlling V. to match
the contact potential Vo p, as can be seen from Eq. (3). Recording V. while scanning the topography, an
image of the contact potential is obtained. Using a tip with a known work function (e.g. by calibration
against highly oriented pyrolytic graphite - HOPG) allows to derive the sample’s work function [15].

The present set-up is a modified Omicron UHV-AFM/STM operating at a base pressure < 1010 mbar
[15]. The amplitude modulation technique (AM mode) is used for the measurement of the contact potential;
this mode detects the long range electrostatic force. The ac-frequency w is tuned to the second resonance
frequency of the cantilever [16]; this resonance-enhanced technique provides an improved sensitivity and
allows the independent and simultaneous imaging of the topography and contact potential. We readily
obtain an energy resolution of 5 meV using ac-voltages as low as 100 mV. Large ac-voltages possibly
induce band bending at the surface of semiconductors, which would cause an incorrect determination of
the work function. Therefore, tuning a low ac-voltage to the second resonance mode is advantageous.

For semiconductors in general and for photovoltaic applications in specific, the effect of sample illumi-
nation presents an important source of information in the characterization of samples. Illumination with
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super band gap light will cause generation of electron-hole pairs which can be separated in internal fields
of the semiconductor structure [17]. This surface photovoltage (SPV) can be spatially resolved with the
KPFM. To visualize the contributing effects a general band diagram is shown in Fig. 1. A surface space
charge region develops due to charges located at the surface, as depicted in Fig. 1 (a) for a semiconduc-
tor in the dark (solid line). The work function ® is the energy difference between the Fermi level Ep
and the local vacuum level E;, at the surface. A possible surface dipole A¢, modifies the work function
accordingly. Under illumination (dotted line) the band bending is modified; in the case of the presented
p-type semiconductor ® is increased. The magnitude of the surface dipole is not affected. In Fig. 1 (b) a
possible contribution of interfaces is shown. Light-induced charge carrier generation will also cause band
flattening at interfaces. When the sample is contacted via the burried layer, then the SPV will contain both
contributions, from the interface and from the surface. If the illumination intensity is sufficient, flat band
conditions at the surface can result [17]. A detailed discussion of SPV can be found in Ref. [17]. In the
presented experiments, we used a red laser with A = 675 nm (20 mW max. intensity).

3 Results

3.1 UHV-clean surfaces Whereas topography measurements by AFM are only negligibly affected by
surface cleanness, the electronical information of the work function requires clean surfaces [15]. Therefore,
surfaces to be meaningfully characterized by KPFM have to be either prepared or cleaned in the UHV. It has
been shown, that Cu-chalcopyrite surfaces oxidize when exposed to air [18]. In principle, the observation
of laterally inhomogeneous samples is also possible on oxidized and adsorbate-covered surfaces, however,
the absolute magnitude of contact potential differences within the surface has to be carefully discussed, as
different regions of the sample could be affected to a different extent. In this section, different preparation
techniques for obtaining a clean surface in UHV will be presented; the next section will discuss details of
a sputter-annealing cleaning procedure in UHV.

The most straight forward method to obtain a UHV-clean sample surface is to grow the chalcopyrite thin
film inside the same UHV chamber. For this purpose we have built up a UHV physical vapor deposition
(PVD) system, which can be directly connected to the UHV-KPFM [20]. The elements Cu, Ga and Se
are thermally evaporated from effusion cells onto a heated substrate. A two-stage growth process was
optimized for sample growth on a 1x1 cm? glass/Mo substrate. In the first growth step, a Cu-rich film
is grown to ensure good structural film properties. The second growth step consists of only Ga and Se
and converts the CuGaSes into a Ga-rich film with good electronic properties and at the same time avoids
segregated Cuy_,Se foreign phases [19]. Solar cells processed from these absorbers show efficiencies
up to 5%. The topography and work function of the as-prepared film are shown in Fig. 2 (a) and (b),
respectively. The granular structure of the polycrystalline thin film with a typical grain size of ~ 500 nm
is seen. The work function shows variations within 250 meV; the distribution of work functions is best
seen in a histogram as shown in Fig. 3 (a). A single peak in the distribution can well be fitted by a Gauss
distribution with a maximum at ® = 5.45 eV and a full width at half maximum (FWHM) of ~ 0.06 eV.

For most investigations, samples from an in-vacuum deposition and transfer are not available. There-
fore, other ways of obtaining clean as-grown surfaces in UHV are necessary. One option is transfer in an
inert-gas atmosphere (i.e. Ar or N»), which avoids surface oxidation and adsorbate contamination [21]. As

Fig. 1 Schematic band diagrams showing (a) the
work function in the dark (solid lines) and under illu-
mination (dotted lines), the reduction of surface band
bending upon illumination and the possible presence
. . of a surface dipole. (b) shows the contribution of
(a) bulk «— ——> surface Sttt interfaces and surfaces to the surface photovoltage.
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Fig.2 KPFM measurement of a CuGaSes thin
film deposited in a UHV-PVD and transferred un-
der UHV conditions. The topography (a) shows
/ the granular structure (Az = 320 nm) and the work
Az = 320 nm ® =541 -565eV function (b) varies from ® = 5.41 to 5.65 eV. [20]

an example, a CuGaSes surface prepared on a Mo/glass substrate in a chemical vapor deposition (CVD)
reactor is shown in Fig. 4 [10, 22]. The granular structure in the topography is comparable to the previous
case; however, the work function shows a clear distinction between the values for different facets of the
crystallites. This is also clearly observed in the corresponding histogram, presented in Fig. 3 (b). A number
of different peaks can be observed, each corresponding to a distinct ®-value of a specific facet [10].

Another option for transferring a sample from the growth system to the UHV analysis chamber without
oxidation and contamination is to overgrow the surface with a protective layer, which can be removed
inside the UHV. A well-suited option for this overlayer is a Se-capping layer of a few hundred nanometers
thickness, which is deposited after film growth by the same Se-source used for the chalcopyrite deposition.
Such a film can be transported in air without oxidation of the burried chalcopyrite and the protective layer
can be evaporated by sample heating inside the UHV chamber. Hunger et al. [23, 24] have shown by PES
that the resulting chalcopyrite surface is free of oxides and other contamination and shows a composition
similar to UHV-prepared samples. We have followed this route using a co-evaporated Cu(In, Ga)Ses thin
film. Topography and work function images (not shown) obtained by KPFM show similar results to the
previous samples [25] and the histogram of the work function image is presented in Fig. 3 (c).

Another, yet different approach for obtaining a clean surface in UHV is the preparation by peel-off
[21, 26]. In this technique, use is made of an intermediate van-der-Waals compound at the chalcopyrite/Mo
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Fig. 3 Histograms showing the work function dis-
tribution obtained by KPFM for (a) UHV-PVD
grown CuGaSesz, (b) CVD-grown CuGaSe, trans-
ferred in inert-gas atmosphere, (c) co-evaporated
75 20 and Se-decapped Cu(In,Ga)Sez, (d) CVD-grown
®(eV) " CuGaSe; rear-side obtained by peel-off in UHV.
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Fig. 4 KPFM measurement of a CuGaSe, thin film
deposited by CVD and transferred in inert-gas atmo-
sphere (Ar). The topography (a) shows the granular
structure (Az ~ 1350 nm) and the work function (b)
. varies from ¢ ~ 5.14 to 5.53 eV, showing distinct
Az = 1044 nm =" ®=514-553eV values for the different facets. [22]
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Fig. 5 KPFM measurement of the back-side surface
of a CuGaSes thin film grown by CVD and obtained
by peel-off in UHV. The topography (a) shows the
granular structure (Az ~ 69 nm) and the work func-
Az = 69 nm 0=479-494ey tion (b) varies from ® ~ 4.79 to 4.94 eV. [27]

interface. During the deposition process, especially when CVD is used, a MoSe- film develops on the
surface of the Mo-layer. This layered compound shows weak bonding between van-der-Waals planes
building up its crystalline structure. Gluing a supporting structure (i.e. a glass or metal foil) to the top
of the chalcopyrite thin film, it can be lifted off from the Mo/glass substrate, provided it has the correct
orientation of the MoSes layered structure with respect to the interface plane. The obtained rear-side
chalcopyrite surface is free of Mo remnants, as confirmed by PES studies [21]. In Fig. 5 the topography
(a) and work function (b) of this back-surface are shown [21, 27]. The granular structure can again be
observed, however, the surface roughness is clearly lower and the grain size is considerably smaller. This
is due to the initial growth, which starts from small grains which grow wider during the further growth of
the thin film to its final thickness. In the work function image a fairly narrow range of values is observed
as can be seen in the histogram in Fig. 3 (d); a lowering of ® by ~ 20 to 50 mV is observed at the grain
boundaries [27]. It is apparent that the above observed work function variation according to distinct facets
is not observed in the present case, pointing to a homogeneous texturing of the small initial grains.

The work function values obtained by Gauss-fitting the histograms in Fig. 3 are shown comparatively
in Fig. 6 (a) for the differently prepared UHV-clean surfaces. A strict comparison is rather difficult and not
very meaningful, as the growth processes are not identical and therefore also the materials composition and
doping level is likely different; in the case of preparation by decapping, the In-containing Cu(In,Ga)Se,
was used. Nevertheless, the obtained work function is fairly comparable for all samples showing values
between ~ 5.2 eV and 5.6 eV. For the peeled-off CuGaSes a lower value is obtained. A PES study on this
back-side surface revealed traces of oxygen and carbon, which was ascribed to contamination of the Mo
substrate prior to the chalcopyrite deposition [21]; additionally also the Cu-rich initial growth of the 2-step
grown CuGaSe; might affect the work function on the rear-side. Also given in Fig. 6 (a) are the ®-values
obtained under illumination (open symbols), from which the surface photovoltage can be computed, shown
in the upper panel of Fig. 6 (a). The SPV shows a fairly constant value of ~ 80 mV for all surfaces.

3.2 Sputter-annealing cleaning procedure In many cases, samples can only be entered into the UHV
after having been exposed to air. In this case a surface cleaning is necessary. This can well be performed by
sputtering and annealing. Otte et al. [28] have performed PES studies on CulnSe, and CuGaSes showing
that soft sputtering with low energies up to 60 min results in cleaning from surface oxides and contamina-
tion, leading to a surface stoichiometry close to 1:1:2. We have performed a study with subsequent sputter
and annealing cycles in order to clean the surface of a CuGaSe, sample grown in a PVD system [29] and
exposed to air prior to introduction into the UHV-KPFM [30]. Fig. 7 (a) presents the topography image
measured with KPFM showing the granular structure of the polycrystalline thin film. The simultaneously
measured work function image for dark conditions is shown in Fig. 7 (b). Subsequent to this initial mea-
surement the sample was cleaned by first annealing it at 170 °C for 1 h, then sputtering the surface with
Ar-ions at 500 keV for 90 s (incident angle varied between 45 © and 90 ° to the surface), again annealing
(180 °C for 30 min), another sputtering step (500 eV for 10 min) and a final annealing step at 180 °C for
30 min. After each treatment the sample surface was imaged by KPFM. Measurements were performed
in dark and under illumination. An overview of the obtained work function values is presented in Fig. 6
(b); the given ®-values correspond to the Gauss peak position and the error bar to the FWHM of the Gauss

(© 2003 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



6 S. Sadewasser: Surface potential of chalcopyrite films measured by KPFM

<arf(a) (b)
> 200
2] ° ° °
0 %y
56¢ o 1r CuGaSe
12) 2
54| | PVD-grown %
- (112)
(110) / N
%‘ 52t E
g 50l | / i Fig. 6 Overview of the work function of (a) differ-
'% ~ g ently prepared UHV-clean surfaces of various chal-
é 48¢ & o % & 1 1 copyrite thin films (as indicated in the figure). The
g 46l g 3 (2 3 | | surface orientations of the CuGaSe, after inert-gas
3 3 :‘3’ 3 transfer are taken from Ref. [10]. (b) Sputter and an-
441 B dak . flilirrﬁmated ] nealing cleaning procedure for an air-exposed PVD-
4| 0 fluminated grown CuGaSe> thin film. The lower panels show
_? de 3O “‘ G the work function in dark and under illumination
Wy C\B@Q & \(PJ’QO% \)’(\G‘ \eé\%g @(ﬂ ed\%g and the upper panels show the surface photovoltage
e o e (SPV).

distribution fitted to the corresponding work function histograms, according to the procedure shown in Fig.
3.

The initially low work function of ~4.31 eV is increased to ~5.00 eV after removal of the contamination
water layer by the first annealing treatment. Subsequent sputtering lowers the work function slightly,
despite the further cleaning, which is expected, i.e. the removal of oxides on the surface. A high SPV
of ~260 mV is observed for the sputtered sample, indicating the presence of electrically active surface
defects, presumably created due to the Ar-ion impact. Under illumination this sample reaches nearly
the same work function as the annealed sample, indicating that band bending is efficiently reduced. The
subsequent annealing treatment increases the work function and only a small SPV is observed. Upon
annealing, surface atoms become more mobile resulting in defect healing. This reduces the band bending
and accordingly also the SPV. Subsequent sputtering and annealing steps change the work function slightly,
showing again the sputter-induced defects and high SPV. These results show that with sputter-annealing
cycles an effective surface cleaning is obtained, at least from the electronic point of view. For testing the
chemical composition PES studies are necessary. Very recently, a study on epitaxial CuGaSe, showed that
upon sputtering and simultaneous annealing at 300 °C a (2x4) reconstructed surface is obtained, free of
contamination and with a composition close to a 1:1:2 surface stoichiometry [31].

3.3 Lateral variations in the work function The strength of KPFM is the capability to measure con-
tact potential with a high spatial resolution, as demonstrated by imaging different materials [11], different
doping in semiconductors [32] and localized charges [33]. Looking at the work function images in Figs. 2,
5 and 7 most of the contrast in the images stems from dark “rings” around regions of constant work func-
tion. Comparison with the corresponding topography images reveals that the constant regions are related to

Fig.7 KPFM measurement of PVD-grown
CuGaSe,. The topography (a) shows the grains of
the polycrystalline thin film (Az = 320 nm) and (b)

3 the simultaneously measured work function (& =
M erawyyEy ' 4.19-4.44¢V).
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the grains and the lower work function surrounding the grains corresponds to the grain boundaries. In the
histograms in Fig. 3 this lower work function of the grain boundaries cannot be directly observed, as the
covered area in the images is too small. For closer analysis, a line profile across three grains comprising
two grain boundaries of the PVD-grown CuGaSe, thin film (see arrow in Fig. 7 (b)) is shown in Fig. 8 (a).
A work function drop at the grain boundaries is clearly observed. This drop has been previously attributed
to the presence of charged defects. Using Poisson’s equation, the magnitude of the work function drop and
the width of the space charge regions extending into the CuGaSes semiconductor can be used to calculate
the doping concentration p of the material and give an estimate of the density of charged defects at the grain
boundary P, [34]. In this case we found: p = 9 x 10'%c¢m ™3 and Py, = 8 x 10 em ™2, respectively, in
agreement with Hall-effect measurements performed on the same sample [19, 34]. Looking at the SPV at
the grain boundaries (upper panel in Fig. 8), it is observed that the left grain boundary shows the same SPV
as the grains (SPV ~ 40 mV), whereas the right grain boundary exhibits a much larger value of 120 mV.
This indicates that the electrical activity is related to the specifics of the grain boundary [27]; for example,
the orientation and the detailed atomic structure of the grain boundary likely play an important role [35].
This topic will be discussed in more detail elsewhere [36].

Figure 8 (b) shows a line profile along the line shown in Fig. 4 (b). The work function shows various
different values for different facets, as was already seen by the several peaks in the corresponding histogram
in Fig. 3 (b). The profile under illumination (open symbols) shows an increase of ® in most positions
(positive SPV), however, just on the left end of the line, a lowering of ® under illumination is observed.
This becomes more clear in the SPV profile given in the upper panel, which is positive except for the left
side, where it shows SPV = -200 mV [22]. In a previous study [37] on epitaxial CuGaSe, grown on GaAs,
a similar SPV of ~-300 mV has been observed. After KCN etching, which removes Cusy_, Se surface
phases, no SPV could be observed. Therefore, we interpret the present case as a Cus_,Se layer covering
a CuGaSe, grain. Thus, the observed SPV originates from the CuGaSes surface where it is positive, but a
contribution from the CuGaSes/Cu;_, Se interface makes the SPV strongly negative. As the substrate is a
p-type CuGaSes, it can be concluded that this surface layer must be a p™-type Cus_,Se [37].

4 Conclusion It was shown that UHV-KPFM represents a powerful tool for simultaneous structural and
electronic surface characterization of semiconductors. For Cu-chalcopyrite thin films different preparation
methods for obtaining clean surfaces inside UHV were discussed. A sputter-annealing treatment was pre-
sented, which provides the possibility to obtain comparable results in KPFM studies. It was demonstrated
that laterally resolved SPV is a valuable source of information, for example for identifying differently
active grain boundaries or foreign phases in chalcopyrite thin films.
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