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Ultra-high Speed Photodetector using a-Ge:H Thin Film Photoconductor
for Picosecond Optical Signal at 0.8um Wavelength

Kyoo Nam Chot* Regular Member
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ABSTRACT

Hydrogenated amorphous germanium photoconductors which respond to picosecond light signal have been fabricated using

magnetron sputtering method. These photoconductors have been characterized measuring the spectral response, the responsivity,

the photoconductivity, and the photoresponse to the picosecond light pulse. The mobility lifetime product of 1.2 X 10*cm?®/V has

been estimated from the measured photoconductance, and also the carrier lifetime of 30 psec has been estimated from the photore-

sponse to the incident picosecond light pulse.
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[ . Introduction

Continued advances in novel semiconductor
material using molecular beam epitaxy and
microfabrication techniques have led to the
fabrication of extremely fast photodetectors
for visible and infrared wavelengths with
modulation bandwidths in excess of multi-
gigahertz and speeds of response in the
picosecond region. We can expect that subpi-
cosecond electronic devices will soon be avail-
able.

One the other hand. a new class of high-
speed devices has emerged which use photo-
conductors for electrical pulse generators,
sampling gates, high-voltage switches. and
other applications in addition to their tradi-
tional use for light detection. The ability to
generate and detect electronic waveforms with
picosecond precision has led to the develop-
ment of a complete picosecond electronic
instrumentation capability for the characteri-
zation of high-speed materials and devices.
Unlike detectors, the optical pulses are used
in this case as a precise clock to control the
generation and detection of electronic events,
with virtually no time jitter.

In high speed optical local area networks
(LAN) application, the photodetectors that
have good responsivity at a wavelength of
0.85 #m and picosecond pulse durations are
needed for integrated optical waveguide
devices. The current difficult process of butt
coupling of discrete crystalline silicon pho-
todetectors to integrated optical waveguides
can be replaced by depositing a thin semicon-
ductor material onto the waveguides and pho-
tolithographically fabricating integrated pho-
todetectors. Although the hydrogenated amor-
phous silicon (a-Si‘H) photodiodes can be fast

in response speed. the spectral response
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decreases rapidly for wavelengths beyond 0.7
#m. However the bandgap of hydrogenated
amorphous germanium (a-Ge:H) is lower than
that of a-Si'H, and thus it can improve the
longer wavelength response. Also the bandgap
of a-Ge:H can be tailored by adjusting the
hydrogen content {1]. It is more difficult to
prepare the electronically high quality a-Ge'H
films in comparison with those of a-Si‘H
because of weak Ge'H bonds and large stick-
ing coefficient of Ge related radicals [2]. The
various methods of depositing a-Ge:H films
were attempted such as ion beam sputtering
(3). ECR plasma deposition (2). sputtering
(4), magnetron sputtering (5), chemical vapor
deposition {6}, and diode rf glow discharge
deposition (7).

In this paper. the magnetron sputtering
method is used to deposit a-Ge'H photocon-
ductive films having ultra-short relaxation
time in picosecond range due to its low impu-
rity level during deposition. followed by post
deposition optical annealing to remove shallow
defects.

[ . Picosecond Photoconductivity

A typical example of a picosecond photocon-
ductor is shown in Fig.1. This photoconductor
consists of a thin photoconducting film on an
insulating substrate on which metal electrodes
have been deposited in the configuration of a
microstrip transmission line. A picosecond
light pulse is focused on the active region of
the photoconductor. which consists of a nar-
row gap between two microstrip electrodes.
The analysis of the photoconducting gap can
be represented by time-varying macroscopic
circuit elements by neglecting retardation
effects caused by the radiating currents and

charges in the gap. if the dimensions of the
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gap and the transmission line cross section
are small relative to the distance an electro-
magnetic signal travels in the shortest time
interval of interest.

Following this approach, the photoconductor
is represented which is the sum of dark con-
ductivity Go and time-varying photoconduc-
tance g(t). in parallel with a capacitance Cg
imbedded in a transmission line. The time
varying conductance term can be derived
from the rate of dissipation of electrical ener-

gy in the photoconductor as
g(t) =7 (n- e n,+p- e 7)|EPdxdydz. (1)
B

where V, is the bias voltage across the gap. n
and p are carriers, e is the electronic charge,

n and p are electron and hole mobilities and
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(c) Cross-sectional view of thin film photoconductor.

Fig. 1. Schematic diagram of a thin film photoconduc-
tor.

E is the electric field. Assuming an uniform
electric field, E(x) = V,/1, when the optical

illumination is very low (G,)g), the initial

+

carrier density at t = 0" is denoted as

(1-R) - ae(x,y) - exp™ 2)

n=ps= s

where R is the reflectance, is the optical
absorption constant, € is the incident optical
pulse energy per unit area. Accordingly the

initial photoconductance can be expressed as

g(t=0" = (1-R) - Latfe w, (3)

if all of the incident light is focused and
absorbed, where Wp is the total energy of the
incident optical pulse. A lower limit for the
mobility of the minority carrier can be calcu-
lated using this equation. However the time
evolution of photoexcited electrons and holes
may differ due to different capture rates by
defect sites. Also the distribution of photoex-
cited carriers may not be uniform inside the
photoconductive gap in the high optical injec-
tion regime (G,{g) so that a space charge
field develops. In picosecond photoconductivi-
ty. the characteristic time is one of the
important parameters which explains this
effect. The characteristic time (dielectric
relaxation time r;) for the relaxation of the
field is a complicated function of the geome-
try and the illumination condition. Assuming
the spatial average of the macroscopic circuit
parameters of conductance and capacitance,
the dielectric relaxation time can be expressed

as

_ &lx, y.z. t) __ C _ _|E|"dxdydz
Txy 2 B g 1B dxdydz - Y

T4

where € is the dielectric constant. This 4 can

vary from nanoseconds for low excitation to
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picoseconds for very large excitation.
However. in the case of millimeter wave
applications, the assumption of a time-invari-
ant capacitor is no longer valid and the real

part of the € may be time varying.

. Materials for Picosecond
Photoconductors

The absorption of a photon and the subse-
quent generation of an electron-hole pair
inside the semiconductor is an intrinsically
fast process, being limited by the uncertainty
principle and the requirement that the fre-
quency spectrum of the optical pulse fall
within the absorption bands. The time for the
electronic transition from bound to free state
can, in principle, be as short as one optical
cycle, and subsequently does not limit the
rise time of the photocurrent. However the
subsequent evolution of the photocurrent fol-
lowing excitation by a very short optical
pulse is influenced by many factors, such as
mobility transient and recombination, which
is usually a much slower process and produces
a long-lasting trailing waveform. An effective
method of reducing the free-carrier lifetime
to reduce the above trailing waveform can bhe
achieved by introducing a moderate density of
defects into the semiconductor which act as
traps and recombination centers. The capture

time r. can be estimated from

T, = m ()
where N, is the trap density, A, is the cap-
ture cross section and (V> is the mean ther-
mal velocity. This defect density can be
introduced by radiation damage and impuri-
ties or the use of polycrystalline/amorphous

semiconductor materials. The use of high
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defect densities to produce short carrier life-
time causes the substantial reduction in
quantum efficiency and carrier mobilities due
to increased elastic scattering from the
defects.

The formation of good ohmic contacts in
high-defect density semiconductors is another
task in fabrication of picosecond photoconduc-
tors. because non-ohmic contacts along with
an internal electrostatic field results in a
photovoltaic response in addition to a photo-
conductive signal. Fortunately metallic con-
tacts on semiconductors with moderate to
high defect densities tend to exhibit ohmic
behavior due to short depletion layers which
permit efficient tunneling currents to pass
through the contacts. The use of annealing
for fabricating amorphous picosecond photo-
conductors to remove shallow defects, but
retain deep traps having fast capture time
and slow emission rates, is a useful technique
for improving the mobility without ltoss of

response speed.

V. Thin Film a-Ge:H Photodetector
Fabrication

Amorphous hydrogenated germanium (a-
Ge: H) is a suitable material for infrared
detection due to smaller bandgap than amor-
phous hydrogenated silicon (a~-Si:I) or amor-
phous hydrogenated silicon-germanium alloy
(a-SiGe'H). The hydrogen in this amorphous
tetrahedrally coordinated semiconductor effec~
tively reduces the density of defect related
states in the pseudogap. thus this is particu-
larly useful for the film deposition method
having an inherently high density of defects.
However the effectiveness of hydrogen in
defect compensation of amorphous germanium

is much less than that of silicon. It is gener-
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ally accepted that the photoconductive
response of a-Ge'H is several orders of mag-
nitude lower than that of a-Si:H. A set of
criteria is established to judge material quali-
ty. such as the electron product and the ratio
of photocurrent to dark current derived from
photoconductivity. Also the spectral response
of the material which is related to the
bandgap is specified.

A photoconductor with low responsivity
such as amorphous hydrogenated germanium
usually suffers from high level of dark cur-
rent. The reason for this is due to not only
the inherent property of the material but also
the relatively large geometry of the photocon-
ductive gap in comparison with laser spot
size, 10 #m diameter spot. This adverse
effect was minimized by connecting a finger-
like electrode, having 20 #m width, to the
active area. This electrode pattern was print-
ed on the emulsion glass mask plate with
opaque background. The shape of the photo-
broadband
microstripline structure (8). is shown in
Fig.2.

conductor, which has

fe—imn =]
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Fig. 2. The geometry of a-Ge'H photoconductor.

A microscope slide glass was used as a sub-
strate. The sample were deposited using a RF
planar magnetron sputtering machine with a
semi-insulating crystalline germanium target
having 99.99% purity. The gas flows were
maintained to 2.8 sccm of argon and 13.8
sccm of hydrogen resulting in 3 mTorr of
total pressure after pumping to 5x10° Torr of
base pressure. During deposition, the temper-
ature of glass substrate was maintained to
150°C and the RF power was controlled to 40
W. The deposition rate was adjusted to =0.5
A/sec until reaching 0.5#m of thickness. The
post-deposition annealing was done at 250°C
for 1 hour in 1x10® Torr vacuum to remove
shallow defects, but retaining deep traps hav-
ing fast capture time. The surface of the
deposited a-Ge:H film, which is evaluated
using a scanning electron microscope (SEM),

is shown in Fig.3.

Fig. 3. The surface of deposited a-Ge'H thin film taken
by SEM.
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After photolithography process using Karl
Suss mask aligner, metallization was done by
evaporating 1200 A of aluminum and 2000 A
of gold by using the resistive heater evapora-
tor followed by lift-off process. Ohmic contact
was formed by sintering at 450°C for 2 min-
utes using the lamp heater in vacuum. This
thin film semiconductor showed a tendency of
post~deposition atmospheric pickup., forming
Ge-0O and C-H related layer. unless an imme-
diate passivation layer was coated on. This
adverse change will include the change of the
infrared absorption spectrum and time-depen-
dent changes of electronic properties. The
antireflection coating (1160A) using Si;N,
layer was done immediately after lift-off
process by using the tungsten shadow mask to
avoid the above adverse effects. The SizNy
target was used with the parameters such as
1.9 scem of nitrogen and 31 scem of argon,
total pressure of 15 Hg after achieving 2x10°
Torr of base pressure. The 400 W of RF
power was used, and the refractive index of
1.82 was obtained when the sample was mea-
sured using an ellipsometer. The transmit-
tance of this layer was measured as 95.4 %

at 0.85#m wavelength.

Output Voltage (A.U.)

0.6 0.8 1.0 1.2 1.4 1.6
Wavelength in micron

Fig. 4. Spectral response of a (GeH photoconductor
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V. Results

The first property measured was the spec-
tral response as shown in Fig.4. This spectral
response was measured by using a mono-
chrometer and a xenon lamp. The bandgap of
a-Ge'H can be tailored by adjusting the
hydrogen contents during the film deposition
process. and normally it varies from 0.9 #m
to the cut-off wavelength of crystalline ger-
manium. The light was chopped at 260 Hz,
and the output voltage was measured by
using a lock-in amplifier when a 10 V bias
was applied to the a-Ge:H photoconductor.
The measured response showed a 3 dB spec-
tral wavelength-width of 0.4 #m (0.65¢
m~1.05 #m) having a peak at the wavelength
of 0.87 #m.

The second property measured was the
mobility-lifetime (#r) product. At this time,
the photoconductivity was measured by chop-
ping the light at 260 Hz using a lock-in
amplifier to suppress the noise level. When 9
#W (3.85x10" photons/sec) of average optical

power was focused to a=7 um diameter spot.

the measured current level from the lock-in

R N e e S --‘

Fig. 5 Photoresponse of a-Ge:H photoconductor to the
incident 100 ps FWHM light pulse.
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amplifier was 0.4 nA at 10 V bias voltage
with light on and 0.02 nA with light off.
This is equivalent to a responsivity of 4.4
x10® A/W, and a photoconductivity of 4.2x
10°(2.cm)". From these values, we can esti-
mate the mobility-lifetime product from the

formula in (5) as

pr = 32&%1.2“0“&5{}2— (®)
where d is the film thickness, e is the elec-
tron charge anf I, is the intensity of the light
source.

The photosignal response was measured as
shown in Fig.5. The light source in this mea-
surement had the specification of 850 nm
wavelength, 50 KHz repetition rate and opti-
cal energy of 10° J per pulse. The a-Ge:H
photoconduotor with a 5#m photoconductive
gap was biased at dc 10 V, and the signal
was amplified using a wideband microwave
amplifier having a 44 dB voltage gain. From
the equation (3), we can derive the equation

(7) for the estimation of mobility as

p= i}’gii _’% ——I;ﬂb—!f— —I::l:=4.2x10"7,9‘ﬂs;€(7)
where V., is the output voltage before ampli-
fication, R, is the load resistance, h is the
Planck constant, c is the light speed, 4 is the
wavelength. Lg,, is the photoconductive gap
length, Vg, is the de bias voltage and I . is
the optical energy per pulse. Thus the carrier
lifetime can be estimated from (8) and (7) as
30 ps.

V. Conclusions
In conclusion, we have prepared a hydro-

genated amorphous germanium photoconductor

in a broadband microstripline structure. The

thin photoconductive active layers were grown
by magnetron sputtering, followed by the
optical annealing. We measured the spectral
response, the responsivity, the photoconduc-
tivity, and the photoresponse to the picosec-
ond light pulse, to characterize the fabricated
photoconductors. The mobility lifetime prod-
uct of 1.2x10"em?/V has been estimated from
the photoresponse to the incident picosecond
light pulse at 0.85 #um wavelength, and also
the carrier lifetime of 30 psec has been esti-
mated from the photoresponse to the incident
picosecond light pulse. The applications are
foreseen in the area of ultra-high speed opti-
cal communication, electronic sampling gates,
microwave generator, and microwave mixer,
where both ultra-high speed and thin film

semiconductor structure are necessary.
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