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In this work, photocurrent images of lithographically processed GaAs/AlAs hetero-
structures are recorded by an atomic force microscope. It is found that the AFM tip-
sample contact is strongly dependent on the thickness of the native oxide layer on 
the sample surface. Therefore the photocurrents increase if a successively increas-
ing tip-sample force is applied, which leads to a gradual penetration of the surface 
oxide layer. Due to the complex behavior of the photocurrent as a function of tip-bias 
and tip-force, the contrast in photocurrent images is non-monotonic and can be re-
versed under appropriate bias and force conditions.  

Introduction 
Photocurrent spectroscopy is a very versatile tool to investigate a wide range of effects 
in solids. The fact that electric currents can easily be measured down to the fA regime 
and the possibility to use very high power light sources to excite the sample leads to an 
exceptional high sensitivity. Due to this high sensitivity, one can even gain information 
about optically “forbidden” transitions [1] – [3]. Photocurrent spectroscopy applications 
range from investigations of interband [3], intraband, intersubband [4], [5] and intrasub-
band [6] transitions in heterostructures and quantum dot systems [7] – [9] to investiga-
tions of organic films [10], organic devices [11] and the analysis of dielectric materials 
[12]. Some efforts have been made to increase the spatial resolution of photocurrent 
measurements by either using shadow masks to define the illuminated sample areas 
[13] or by using a carefully focused and collimated beam of light [14]. One can also find 
some scanning near field optical microscopy (SNOM) approaches to increase the spa-
tial resolution into the nm-regime [15].  

For the characterization of materials in the nanometer regime, Scanning Probe Micros-
copy (SPM) based methods are the prime choice beside Scanning Electron Microscopy 
and Transmission Electron Microscopy. Spatially resolved optical absorption meas-
urements have already been performed with a scanning tunneling microscope (STM) to 
investigate the influence of the laser irradiation on the differential conductance on an 
InAs covered GaAs sample surface [16]. Other groups where using the STM tip as a 
local Schottky contact to perform photocurrent measurements [17]. Only recently con-
ductive Atomic Force Microscopy (cAFM) was applied to study InAs wires on GaAs 
[18]. However, these investigations were all performed either at low temperatures and / 
or under high vacuum conditions. Although this is leading to much more idealized ex-
perimental conditions, the experiments are much more demanding and time consum-
ing.  

In this work we present Atomic Force Microscopy (AFM) based photocurrent imaging 
experiments, which were performed under ambient conditions. We want to investigate 
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the details of the photocurrent contrast generation on a lithographically patterned 
GaAs-AlAs reference sample, e.g. how the locally collected photocurrent depends on 
the applied tip sample voltage and tip sample contact force beside the obvious local 
variations of the sample. For the AFM based photocurrent experiments the AFM feed-
back laser was chosen as a light source and the photocurrent is collected locally via 
the electrically conducting tip of an AFM. 

Experimental 
Figure 1 shows the assumed band profile of the AFM-tip–sample system used for 
photocurrent imaging under zero bias. The sample has a photodiode design as it is 
frequently used for the investigation of InAs quantum dots [19]. The sample consists of 
n+-GaAs followed by an intrinsic layer of GaAs for charge separation. On top of the 
intrinsic region a 10 nm AlAs barrier layer was grown and a cap layer of 10 nm GaAs 
was introduced to avoid oxidation. For plotting the band diagram in Fig. 1, we assumed 
the Fermi level at the GaAs surface to be pinned at a position near midgap about 
0.6 eV to 0.8 eV lower than the conduction band edge of GaAs [20], [21].  

Standard photolithography was used to remove the GaAs cap layer and the AlAs bar-
rier on one part of the sample to define sample regions with properties. The sample 
structuring was done by applying selective etch solutions to remove the GaAs cap layer 
selective to AlAs (citric acid : H2O2 = 2.4 mol/l : 1 mol/l for 20s). In a second etching 
step, the AlAs was removed selectively to GaAs using 0.02 mol/l NaOH for 9 minutes.  

To guarantee good electrical contact, InSn pellets were diffused into the sample sur-
face at 450 °C for 5 minutes. Conductive silver was used to contact the InSn pellets on 
the sample surface and to glue the sample on a gold covered nickel sample plate. A 
gold wire was then used between the sample plate and the magnetic plate holder of the 
AFM to ensure a reliable electrical contact.  

 

Fig. 1: Band profile of the AFM-tip–sample system under zero bias condition and ideal 
AFM-tip–sample contact (layer thickness not to scale). The intrinsic substrate is 
omitted. EF is the Fermi level, EC and EV mark the conduction and valence 
band edges. 
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The AFM used in this work was a Molecular Imaging, PicoPlus system with closed loop 
scanner and PicoScan 3000 controller. The photocurrent measurements were per-
formed using the built-in current-voltage preamplifier with an amplification of 108 V/A. 
The preamplifier was located in direct vicinity to the tip to minimize parasitic wire ca-
pacitance and to ensure the bandwidth of approximately 300 Hz in the fA – nA regime 
required for photocurrent imaging applications. As AFM tips we used highly doped (p-
type 1×1020 cm-3) conductive diamond tips (NanoWorld) which show superior resis-
tance against abrasion. The tips’ high spring constant of 40 N/m (as it is normally used 
for scanning spreading resistance measurements) ensures a good electrical contact to 
the sample, but care must be taken not to scratch the sample surface by using too high 
forces. As light source, the AFM feedback laser (1mW @ 670nm) was used in the pre-
sent experiments. The laser diameter was approximately 60 µm leading to a nominal 
laser intensity of 28 W/cm2. Note that the actual laser intensity hitting the investigated 
sample spot will be lower, due to shadowing effects caused by the AFM tip. 

Measurements 
Figure 2(a) shows a topographic AFM image of the sample after removing the AlAs 
barrier on one part of the sample by using photolithography. The non-etched area is 
labeled A and the area where the 10 nm GaAs cap-layer and the 10 nm AlAs barrier 
were removed is labeled with B. The measured edge height was 24 nm, which agrees 
quite well with the nominal 20 nm thickness of these layers.  

Figure 2(b) shows two current vs. voltage (IV) curves recorded on areas A and B with-
out any incident light (complete darkness). During the measurement, the AFM camera 
illumination as well as the AFM feedback laser was switched off and the AFM system 
was shielded from ambient light. The sweep duration for a single IV curve was only 5s, 
therefore the frozen AFM feedback during that time led to no issues concerning tip 
drifts or changes in contact force. Due to the AlAs barrier present in area A, the forward 
current onset occurs at higher bias values than in area B. In the reverse biased range 
between 0 V and –2 V no significant dark current could be detected both in area A as 
well as in area B.  

Figure 2(c) shows typical IV spectra recorded under illumination. Under illumination, a 
distinct photocurrent under reverse bias is observed in areas A and B. The voltage de-
pendence of the photocurrent, however, differs significantly in both areas.  

The photocurrent in area B first shows a strong increase with reverse bias. At higher 
reverse voltages, however, the photocurrent saturates. This behavior can be attributed 
to the fact that ideally, the photocurrent is only limited by the carrier generation rate, 
which is proportional to the incident light power. In contrast to that, however, the re-
verse current in area A shows an exponential increase with the reverse voltage. In ad-
dition, the current in area A is lower than in area B at low applied reverse bias values, 
which is most likely due to the influence of the AlAs blocking layer. At higher reverse 
voltage, however, the current in area A even exceeds the current in area B although 
the power of the incident light is the same. A possible explanation for this astonishing 
fact can be found in a publication by Capasso et al. [22], who showed that the electron 
impact ionization and the corresponding carrier multiplication factor in a AlGaAs/GaAs 
heterostructure is strongly enhanced. If we also assume an enhancement of avalanche 
carrier generation in area A, this would explain both that the current in area A exceeds 
the saturation current in area B (due to avalanche generation) and the exponential cur-
rent characteristics in A (due to the exponential increase of the multiplication factor with 
voltage).  

The photocurrent vs. voltage measurements were also performed for 3 different tip–
sample forces (0.17 µN, 0.5 µN and 3.3 µN). As one can see in Figure 2(c), an in-
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crease in force leads to an increase of the photocurrent in both areas A and B. It must 
be pointed out that the increase of force has a much larger effect on the photocurrent in 
area A than in area B. Obviously, this behavior must be related to the presence of the 
AlAs layer in this area. 

 

Fig. 2: (a) Topographic AFM image of the sample after etching away the AlAs barrier 
and GaAs cap layer on part B of the sample. (b) I-V characteristics of area A 
(straight line) and area B (dotted line) without illumination at tip sample force of 
0.17 µN. (c) I-V characteristics of area A (straight lines) and area B (dotted 
lines) under illumination (1mW @ 670nm) and at different applied tip sample 
forces (curves (1): 0.17 µN, (2): 0.5 µN and (3): 3.3 µN). (d) I-V characteristic of 
area B under illumination at different applied tip forces for different voltage and 
current ranges. 

As an explanation for the tip force dependence of the IV curves, we assume the exis-
tence of a layer of native oxide on the sample surface. Under the ambient conditions 
where the measurements were performed, all samples are usually covered with such a 
thin layer of native oxide. Even after the routinely applied HCl dips to remove the oxide 
layer from the GaAs sample, only a few minutes under ambient air conditions again 
lead to the formation of a significant amount of native oxide on the sample surface. 
This oxide layer acts as an additional barrier for the photo generated carriers, which 
can be overcome by applying higher negative tip bias values. Another possibility to 
overcome the barrier is to successively penetrate the native oxide by increasing the tip 
force, which successively decreases the thickness of the oxide barrier. The conse-
quences of this procedure are illustrated in Fig. 2(c), where a set of force dependent 
IV-curves are shown. 
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At a low force of 0.17 µN (figure 2 (c), curve 1, area B) a significant photocurrent only 
occurs below -0.3 V. At higher forces of 0.5 µN (curve 2) and 3.3 µN (curve 3), the on-
set of the photocurrent in area B is shifted to the left by the reduced oxide barrier thick-
ness. In contrast to that, the voltage required for zero current flow (the open circuit 
voltage Voc) does not change with increasing force. This can be seen in Fig. 2(d), 
where the force dependent IV curves clearly intersect at the same tip voltage position 
of Vtip = Voc = +0.62 V for all tip forces in the shown range.  

The oxide layer does also influence the electrical behavior above Voc (forward biased 
region). Here the oxide layer acts as an additional energetic barrier in series to the 
Schottky barrier which becomes thinner with increasing tip force. As a consequence, 
the forward current increases with tip force, and the observed characteristic ap-
proaches the well known IV characteristic of solar cells for higher tip forces. 

 

Fig. 3: (a) Topographic AFM image of the sample. (b) – (d): Corresponding photocur-
rent images recorded for different voltage and force value combinations. (b): 
low voltage, low force (–0.8 V, 0.17 µN), (c): high voltage, low force (–1.8 V, 
0.17 µN), (d) low voltage, high force (–0.8 V, 3.3 µN). 

The photocurrent’s complex dependence on the applied bias and on the applied tip 
sample force has a severe impact on the contrast in photocurrent imaging. Figure 3 (a) 
again shows the topographic AFM image of the etch step on the sample surface to-
gether with the simultaneously recorded photocurrent data for different applied bias 
voltages and tip sample forces (Fig. 3(b) – (d)). As light source for the photocurrent 
imaging again the AFM feedback laser was used. For a low applied reverse voltage 
and force (–0.8 V, 0.17 µN see Fig. 3(b)) one can see good photocurrent contrast be-
tween area A and area B. However, increasing the applied (reverse) bias voltage leads 
to a complete contrast reversal in Fig. 3(c), where an image recorded at high reverse 
voltage and low force (–1.8 V, 0.17 µN) is shown. Leaving the applied voltage at low 
values but increasing the tip sample force also leads to a photocurrent contrast rever-
sal, which can seen in Fig. 3(d). These imaging results are in good agreement with the 
discussion of the plot displayed in Fig. 2(c). 
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Summary 
In summary, we have shown that photocurrents measured by AFM techniques are 
highly dependent on the applied bias voltage and tip sample force. The force depend-
ence of the electrical tip-sample contact was explained by the presence of a native 
oxide layer on the sample. The AFM tip can successively penetrate this oxide layer 
with increasing applied tip force which gives rise to an increasing photocurrent. The 
photocurrent contrast turned out to be non monotonic. Depending on the force and the 
tip bias, complete contrast reversal can be obtained. Finally, the photocurrent in areas 
where the AlAs barrier was present showed an exponential increase as a function of 
reverse bias, which can be related to electron avalanche multiplication in AlAs/GaAs 
heterostructures. These findings demonstrate the importance of well defined experi-
mental parameters, especially tip-sample force and tip-sample bias, for reproducible 
photocurrent measurements with an AFM. 
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