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We report photoconductivity (PC) in individual germanium nanowire field effect transistors
(GeFETs). PC measurements with a global illumination reveal that GeFETs can be used as a
polarization-sensitive nanoscale light detector in the visible range. It is also found that the PC shows
sensitive optical response especially in the low intensity regime. We observe a high internal gain in
PC in conjunction with strong saturation behavior, which is attributed to the filling of surface
trapping states. This mechanism for high internal gain is consistent with spatially resolved scanning
photocurrent measurements, whose results confirm that optical absorption is in the linear regime.

© 2007 American Institute of Physics. [DOI: 10.1063/1.2799253]

Semiconducting nanowires (NWs) have been recently
used as a core material in nanoscale optoelectronic compo-
nents, including light-emitting diodes, waveguides, laser di-
odes, and various photodetectors.l In particular, individual
NWs have been used in polarization-sensitive nanoscale light
detectors for a wide range of semiconducting materials.”™ It
has been found for GaN (Ref. 8) and ZnO (Refs. 3 and 6)
NWs that the presence of charge trapping states at the sur-
face drastically affects the photoconductivity because of the
high surface-to-volume ratio in NWs. In these wide-band-
gap materials, the high internal gain mediated by the surface
state is responsible for the dramatically enhanced photore-
sponse. Similar effect, on the other hand, has not been re-
ported for visible range photodetectors.

Germanium (Ge) NWs have recently attracted interest
for future electronic applications, due to their high carrier
mobility and the relative ease of synthesis.9f12 One of the
major issues is the poor surface oxide properties of Ge and
their influence on the electrical transport through Nws. 1316
While photoconductivity (PC) measurements on hi7gh-density
arrays of Ge NWs have been recently reported,1 the opto-
electronic properties of individual Ge NWs and the influence
of surface states have not been reported before.

In this letter, we present PC measurements on individual
Ge NWs in the visible range. Our Ge NW devices show a
sensitive photoresponse due to the large absorption cross sec-
tion and a high internal gain especially in the low light in-
tensity regime. The PC shows a strong saturation behavior
that is due to the surface state filling. In addition, scanning
photocurrent measurements'>"? are performed for detailed
studies on Ge NW photoresponse with spatial resolution.

Ge NWs are synthesized using a multistep, vapor-liquid-
solid chemical vapor deposition technique reported carlier."!
Au clusters (30 nm) were used as catalysts to grow Ge NWs
at the total pressure of 500 Torr of 1.5% GeH, diluted in H,.
The nucleation and elongation temperatures were 320 and
280 °C, respectively. The NWs were then p doped with an
exposure to B,H, at 380 °C followed by a subsequent coat-
ing with i-Ge. For device fabrication, Ge NWs were first

YPresent address: Department of Chemistry and Chemical Biology, Cornell
University, Ithaca, NY 14853. Electronic mail: jp275@cornell.edu

0003-6951/2007/91(16)/162102/3/$23.00

91, 162102-1

suspended in methanol by a brief (~1 s) sonication and then
deposited on an oxidized Si wafer substrate with a 220 nm
thick thermal oxide layer that serves as a gate oxide. Both
standard photo- and electron-beam lithography techniques
followed by Ti metal evaporation and liftoff were used to
define the source and drain electrodes to electrically contact
Ge NWs (typically 50 nm in diameter), as shown schemati-
cally in Fig. 1(a). An atomic force microscopy (AFM) image
of a representative Ge NW device is shown in Fig. 1(b).
Our Ge NW devices show standard field effect transistor
operation with good Ohmic behavior of Ti contacts [inset of
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FIG. 1. (a) Schematic of the experimental setup. (b) AFM image of a Ge

NW FET device. (c) dc conductance measured at Vgp=0.1 V. (d) A time

trace of the device conductance while the laser beam is turned on and off

repeatedly with a pulse duration of 5 ms (Vgp=0.1 V).
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Fig. 1(c)]. Figure 1(c) shows a typical low-bias
(Vgp=0.1 V) conductance versus gate voltage (V) curve
measured under ambient conditions from one of our devices
without light illumination. The large conductance at negative
V¢ corresponds to the p-type conduction of the Ge NW field
effect transistor (FET). The gate sweep of the dc conduc-
tance exhibited a more pronounced hysteresis compared to
other NWs such as Si NWs that we measured in similar
device geometry. This extraordinary hysteresis in FETs with
bare Ge NWs has been largely attributed to the high-density
of charge trapping states on the surface. It has also been
reported that the hysteresis can be dramatically reduced by
proper passivation of Ge NW surfaces.> "

When individual Ge NW devices are illuminated with
visible light (A=532 nm), they show two distinctive time-
dependent behaviors: a fast photoresponse with a large con-
ductance increase and a slow PC component. Figure 1(d)
shows the time trace of the conductance monitored at
Vsp=0.1 V, while the laser light is turned on and off repeat-
edly (~10 kW/cm? and pulse duration=5 ms). Here, the
whole active region of the device was illuminated. While the
conductivity increases (drops) rapidly every time the light is
turned on (off), the gradual increase of the dark signal (light
off) is also observed as denoted by the dashed line.

While this slow background PC component displays a
long relaxation time (decay time is ~10 s), the response time
for the main PC component is fast, limited only by the shut-
ter speed (~1 ms) of the system. The magnitude of the fast
PC reaches the steady value of 2.5 uS relative to the back-
ground signal.

The slow PC component with a long relaxation time is
consistent with the results from the previous electrical trans-
port measurements on Ge NWs, where the influence of the
surface states has been investigated.]5 The long relaxation
time of the device conductance has been attributed to the
conductance gain mediated by the slow dynamics of surface
states (capture time in minutes). Here, the properties of the
slow states are associated with the Ge oxide surface structure
and the ambient environment.”’ The fast states (capture time
in microseconds), on the other hand, are believed to be lo-
cated at the interface between the Ge and the surrounding
oxide layer. Both the fast and the slow surface states will
contribute to the photoresponse observed in Ge NW, al-
though the slow components could be suppressed by a proper
passivation of the GeO, surface.

In Fig. 2, we show the light intensity and the polarization
dependence. Here, we are primarily concerned with the fast
PC components by taking the average of the conductance
change AG=(lygn-lgac)/ Vsp extracted from similar mea-
surements as in Fig. 1(d). First, the Ge NW PC is recorded
for a wide range of light intensity of more than five orders of
magnitude [Fig. 2(a)]. Surprisingly, we observe a significant
PC signal even with an extremely low light intensity
(<100 mW/cm?). Here, the Ge NW photoconductivity was
explicitly compared to that of Si NW with similar dimen-
sions, measured at the same experimental conditions. The PC
for Ge NW is more than two orders of magnitude higher than
that of Si, for instance, at | kW/cm? [denoted by an arrow in
Fig. 2(a)]. Based on our measurements, we expect that this
PC enhancement in Ge NWs will be even more pronounced
at lower light intensity (three orders of magnitude higher
than Si NW at 100 mW/cm?).
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FIG. 2. (a) PC as a function of the light intensity for both Ge (filled rect-
angles) and Si (open circle, 30 nm in diameter) NWs with similar dimen-
sions. Dashed lines are fit to the data. (b) Schematic of the internal gain
mechanism. (c) PC gain vs light intensity for low-bias condition
(Vsp=0.1 V). Solid line is fit to the data. (d) Polarization dependence of Ge
NW PC.

The pronounced visible-range photoresponse can be
largely attributed to the high photoconductivity gain origi-
nated from the charge trapping on the surface, a mechanism
previously reported on the photoresponse of ZnO NW.*¢
When electron-hole pairs are generated upon light illumina-
tion, holes migrate to the surface while electrons drift out of
the NW,'>% resulting in an internal photoelectric gain
[inset of Fig. 2(b)]. The density of accessible surface states
decreases with increasing light intensity due to the surface
state filling, and hence we see a decrease of the internal gain
with increasing light intensity.6 The subunity exponent
(slope=0.77) of Ge NW PC [Fig. 2(a)] is the manifestation
of this gain saturation,’ and it is in striking contrast to the
photoresponse of Si NWs that shows a linear power
dependence.

Photoconductive gain (Gpc) can be expressed in terms of
the observed photocurrent (,;,) and the input power (P) as
follows: Gpc=(hvly,)/(77eP), where 7 is the quantum effi-
ciency, e is the electron charge, and hv is a photon energy
(2.33 eV). Shown in Fig. 2(c) is the plot of the gain as a
function of the light intensity, deduced from the photocurrent
measurements at low-bias conditions (Vgp=0.1 V). The de-
crease of the gain with increasing laser power reflects the
gain saturation. The gain value was estimated to be around
6.4, for instance, at the light intensity of 110 mW/ cm?. This
is a large value considering that only the fast component has
been included in the calculations. Also, note that even higher
gain will be obtained for high-bias conditions since the gain
generally increases with increasing source-drain bias voltage.

Since the gain saturation is strongly related to the satu-
ration of the surface states, our measurements can provide
useful information about the surface state density. The plot of
Fig. 2(c) was fitted by the power saturation curve,
Gpc=1/[1+(P/Pg)"], where the saturation intensity of
P,=0.72 W/cm>  (absorbed  photon amount of
24x%10% s7!) and n=0.67 have been deduced. This corre-
sponds to the surface trap density of 1.6X 10" s™! cm™ for
the Ge/GeO, interface. If we consider the lifetime of the fast
states (in microseconds) this is in good agreement with the
reported surface charge density of 10'! cm 2%
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FIG. 3. (Color online) (a) Schematic of the scanning photocurrent (SPC)
measurement setup. (b) SPC image (color), overlaid on an AFM image
(gray) for a 2 um long Ge NW at V;=Vgp=0. (c) Magnitude of SPC (at
drain electrode) as a function of the light intensity.

Ge has been largely considered as an efficient near-IR
photodetector material. The results described above clearly
demonstrate that our Ge NW devices are good photodetec-
tors even in the visible range. In addition to the high conduc-
tivity gain, Ge NW has a larger quantum efficiency in the
visible range when compared to SiNW (absorption depth
is ~1 um). This is due to the short penetration depth of Ge,
which reaches down to 50 nm at 532 nm, for instance. This
value matches the diameter of the Ge NWs measured in our
experiments, and hence, the light absorption will be dramati-
cally improved. As a result, our Ge NW devices become
ultrasensitive photodetectors that are sensitive to the inten-
sity of normal sunlight (roughly 100 mW/cm?).

In Fig. 2(b), we show the polar plot of the PC versus the
polarization of the incident light, which clearly shows that
the NW conductance is the maximum (minimum) when the
polarization of the incident light is parallel (perpendicular)
to the axis of the NW. The PC anisotropy ratio
0=(AG—-AG )/(AGj+AG,) of this device is 0.65. It
shows that Ge NW devices are excellent polarization-
sensitive light detectors with nanoscale spatial resolution.
The observed PC anisotropy is most likely due to the aniso-
tropy in the light absorption, which is caused by a large
dielectric contrast between Ge NW and its surroundings.2
Higher anisotropy (0>0.9) can be expected due to the large
dielectric constants of Ge (£=16), but the variation in light
absorption would cause different internal gain for different
polarization geometries, resulting in reduced PC anisotropy.

PC measurements with wide-field illumination in Figs. 1
and 2 offer information averaged over the whole length of
the NW and cannot elucidate the local information of the
photoinduced carriers within individual nanowires. In Fig. 3,
we show a spatially resolved optical scanning measurement
of the photocurrent. The experimental setup for a scanning
photocurrent (SPC) measurements is similar to the one used
in our previous report.18 A diffraction-limited laser beam (di-
ameter of 500 nm at half maximum) was scanned to illumi-
nate the NW devices, while the device conductance is re-
corded as a function of the position of the laser spot. The
small spot size of the light enables us to record the photoin-
duced electronic signal that originates from the light illumi-
nation at different parts of Ge NWs.

In Fig. 3(b), the color scale represents the electrical cur-
rent measured as a function of the laser position with the
light intensity of 10 kW/cm?, when the bias Vsp=0 with an
AFM image overlaid as a gray scale. The most striking fea-
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ture in Fig. 3(b) is the localized current spots found near the
drain electrode (positive: red) as well as near the source elec-
trode (negative: blue). This can be explained from the energy
band bendin% near the electrode contact, as discussed
elsewhere."™" The electron band diagram of Ge NW FET
can be extracted based on the observed photocurrent signal,
and its gate dependent behavior is shown in the inset of
Fig. 3(b).

The laser power dependence of the SPC provides infor-
mation that is complimentary to the data shown in Figs. 1
and 2, since SPC at zero bias does not involve the gain
mechanism. The SPC measured at the drain electrode is
shown in Fig. 3(c) as a function of the light intensity. It
clearly shows linear power dependence, in striking contrast
to that of the PC shown in Fig. 2(a). This strongly indicates
that the light absorption (proportional to SPC) in the Ge NW
is in the linear response regime at this light intensity. This
measurement also suggests that the saturation observed in
PC is not caused by the decrease of light absorption inside
the NW, but instead, is due to the internal gain saturation
originating from the surface state filling.

In conclusion, we have shown that Ge NW can be an
excellent candidate for polarization-sensitive nanoscale pho-
todetectors especially in the visible range. The Ge NWs
show extremely sensitive photoresponse especially at a low
intensity regime, which is attributed to the internal gain
mechanism, originating from the surface state filling. In the
future, our research can be further extended to the studies of
broad spectral response, effects of the surface passivation,
and electron energy band profiles inside the Ge NW.
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