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ABSTRACT

We propose a simple germanium Schottky photodiode, in which an ultrathin
Al,O3 or HfO; interlayer is inserted between the indium-doped tin oxide (ITO)
and n-Ge contact, showing low dark current and ultra-high responsivity (gain).
The introduction of 2 nm thick Al,Oj; interlayer in a ITO/n-Ge Schottky pho-
todetector results in 138 x reduction of dark current, and 16 x improvement of
responsivity, exhibiting a low dark current density of 32 mA/ cm? and high
responsivity of 12.5 A/W (external quantum efficiency: 1183%) for 1310 nm and
7.3 A/W (external quantum efficiency: 584%) for 1550 nm at — 4 V reverse bias,
respectively. The large responsivity up to 18.5 A/W is obtained for 1310 nm at
— 9V for ITO/AlLLO3(2 nm)/n-Ge diode, which corresponds to a large photo-
conductive gain of 24. Such a high photoconductive gain may be attributed to
the capture of holes by the traps at the interface. These results are of significance
for the fabrication of Ge photodetector with high performances.
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process. Therefore, Ge photodetectoris regarded as
one of the most promising optoelectronic devices for

Introduction

Nowadays, as tremendous growth in data traffic,
silicon (Si)-based optical interconnection attracts a
great research interest. In this being, photodetector is
the essential link, as the photodetector is the first
block of the receiver. Germanium (Ge), which like Si
is group IV material, has high carrier mobility, large
optical absorption coefficient at near-infrared wave-
length, and fully compatible with the Si-based com-
plementary metal-oxide—semiconductor (CMOS)

Address correspondence to E-mail: lich@xmu.edu.cn

@ Springer

advanced Si photonics and optical interconnection
[1-8].

High responsivity is always desirable for a pho-
todetector. So far, most reported Ge photodetectors
made with bulk Ge show responsivityof less than
1.2 A/W at 1310 and 1550 nm [7-9]. Recently, it has
been confirmed that photodetectors made from Ge
nanowires (NWs) with diameters < 100 nm can
generate extremely high responsivity in near-infrared
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region [10-13]; for example, a 20 nm diameter Ge
photodetector based on individual Ge nanowires
with a responsivity of 22.6 A/W operating at
1550 nm wavelength have been reported [13]. How-
ever, the stringent preparation process requirements
of Ge nanowires photodetectors result in a high cost.
Besides, using a highly conductive and transpar-
entindium-doped tin oxide (ITO) electrode to replace
the metal electrode can reduce light reflection by
metal, which would be beneficial to the improvement
of responsivity [14-19].

Other than high responsivity, another desirable
aspect in a photodetector is the low dark current. It
has been established that the fabrication of metal-
insulator semiconductor (MIS) structure can be used
in low dark current photodetectors [20-22]. For
metal/Ge contact, the interfacial layer between metal
and Ge has the strong impact over the diode char-
acteristics. It is reported that the dark current of Ge
photodetector can be suppressed efficiently by using
Ge-based MIS structure with SiO, as the insulating
material while using high-work-function metal Pt as
electrode [23]. However, the Ge-based MIS photode-
tectors still suffer from low responsivity at 1310 and
1550 nm. The reported Pt/SiO,/Ge photodetector
has a responsivity of only 150 and 17 mA /W for 1310
and 1550 nm, respectively. Besides, due to the small
conduction band offset of 0.19 eV between ITO and
Ge [24], it would be more difficult to prepare a low-
dark-current Ge-based MIS photodetector with ITO
as electrode.

In this work, we designed and fabricated ITO/
Al,O3/n-Ge and ITO/H{O,/n-Ge Schottky photode-
tectors to be suitable for operation in 1310 and
1550 nm wavelength. Experiments have been per-
formed for different thickness of interlayer on lightly
doped n-type Ge material to form ITO/Al,O5/n-Ge
and ITO/HfO,/n-Ge Schottky photodetectors. It was
found that the inserting of the Al,O3; or HfO, high-
k dielectric interlayer between ITO and n-Ge contact
not only suppressed the dark current, but also
enhanced the responsivity of the ITO/n-Ge Schottky
photodetector. In contrast to traditional MIS pho-
todetectors, ITO/Al,O3/n-Ge and ITO/HfO,/n-Ge
photodetectors show the large photoconductive gain
at 1310 and 1550 nm. The possible mechanisms of the
dark current suppression and photoconductive gain
generation were discussed.
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Experimental methods

The n-type Ge(100) wafers with a phosphorus doping
concentration of 2 x 10'® cm™> were firstly circularly
degreased in an ultrasonic bath of acetone, ethanol,
and deionized water, then immersed in a dilute
hydrofluoric acid solution (HF: H,O =1: 50) to
remove the native oxide, finally rinsed with deion-
ized water, and blown dry with nitrogen. After
cleanout, the wafers were loaded into atomic layer
deposition (ALD) system, Al,O3; or HfO, film with
various thicknesses (0-3 nm) was deposited on the n-
Ge. Next, the wafers were immediately loaded into a
well-controlled sputtering system, and a shadow
mask with circular patterns was fixed on the front
side of the AlLO;/n-Ge and HfO,/n-Ge samples,
followed by deposition of 100-nm-thick ITO on the
samples to form contacts with an area of 0.0003 cm?.
The samples without high-k dielectric interlayer were
also prepared for comparison. Finally, 300 nm of Al
was deposited on the backside of all the samples by
DC magnetron sputtering as the other electrode.

The Al,O; layer was deposited by ALD at 200 °C
using Trimethylaluminium(Al(CH;);) and H,O as
precursors. The HfO, layer was deposited by ALD at
275 °C using tetrakis (ethyl methylamino) hafnium
(Hf[N(CH3)(C;Hs)1y) and H,O as precursors. The ITO
films were deposited at a DC power of 33 W onto a
60-mm-diameter target (purity: 99.99%, In,O5: SnO,.

= 90: 10 wt %) under Ar ambient at 0.3 Pa and room

temperature with a deposition rate of 0.08 nm/s. The
Al films were deposited at a DC power of 112 W onto
a 60-mm-diameter Al target under Ar ambient at
0.5 Pa and room temperature with a deposition rate
of 0.15 nm/s.

The surface morphology was analyzed by atom
force microscopy (AFM, Seiku Instruments, and
SP14000/SPA-400) in a tapping mode. The chemical
states of the interlayers on the Ge surface were
evaluated by X-ray photoelectron spectroscopy (XPS,
Quantra/Quantum 2000 Scaning ESCA Microprobe).
The cross-sectional image of ITO/n-Ge and ITO/
Al,O3/n-Ge is characterized by transmission electron
microscopy (JEM2100). The current-voltage (I-
V) characteristics were acquired by a Keithley 2611B
source/meter.
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Results and discussions

The atomic force microscopy (AFM) images with a
scanned area of 10 x 10 um2 of clean bare n-Ge,
Al,O3(3 nm)/n-Ge and HfO,(3 nm)/n-Ge are shown
in Fig. 1. The surface of the 3-nm-thick Al,O; or HfO,
film on Ge is very smooth, and the root-mean-square
(RMS) surface roughness is just 0.5 nm (Fig. 1b) and
0.4 nm (Fig. 1c), respectively, which are comparable
to clean bare Ge (Fig. 1a). The great smoothness of
the ALL,O; and HfO, films can provide a uniform
ultrathin interlayer between ITO and n-Ge to form
ITO/ Al O5/n-Ge or ITO/HfO,/n-Ge photodiodes.
The room-temperature dark I-V characteristics of
the ITO/Al,O;3/n-Ge and ITO/HfO,/n-Ge photodi-
odes with various thicknesses (0-3 nm) interlayer are
shown in semi-log plots in Fig. 2a, b, respectively.
Overall, the I-V curve shows rectifying current
characteristics for each device. However, their recti-
fying behaviors exhibit different features. As can be
seen, the rectifying ratio of the I-V curve increased
markedly, whereas the reverse dark current
decreased for both ITO/Al,O3/n-Ge and ITO/HfO,/
n-Ge diodes, compared with that of the ITO/n-Ge
diode. Figure 2¢, d shows the changes of the reverse
current at — 1 V bias voltage and forward current at
+1V bias voltage for ITO/Al,O3/n-Ge and ITO/
HfO,/n-Ge diodes with various thicknesses inter-
layer from O to 3 nm. It is clearly shown that the
reverse current decreased significantly after the
Al,O5 or HfOsinterlayer is introduced. Specifically, a
well-behaved  ITO/Al,O3(2 nm)/n-Ge  Schottky
diode with a high rectification ratio (£ 1 V)
of ~ 2.6 x 10° and low dark current (—1V) of

0.00 ()
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24 x 107® A is achieved. Such dark current is
260 x lower than the ITO/n-Ge diode. Besides, it
should also be noted that the introduction of Al,O3 or
HfO, interlayer can lead to the decrease of forward
current. The introduction of Al,O3 or HfO, layer was
able to increase the Schottky barrier height of ITO/n-
Ge, leading to a reduction of the dark current.
However, a too thick high-k layer would inevitably
introduce extra resistance, which would worsen the
responsivity of diodes. Given that, the thickness of
high-k layer should not be too thick.

The enhancement of rectifying ratio of the I-
V curve implies the increase of electron Schottky
barrier height (@gpyy) in the diodes. Take ITO/Al,O5/
n-Ge diodes, for example. To quantitatively evaluate
&gy values of the ITO/Al,Os/n-Ge diodes, we
measured and analyzed the temperature-dependent
current density-voltage (J-V) characteristics. In this
work, the doping concentration of n-Ge substrate is
just 2 x 10" cm™, and the J-V characteristics of
diodes were measured at temperatureabove 300 k. In
this condition, the ratio of tunneling current to ther-
mionic current would be much less than 1 for the
Schottky diode [25]. Given that, the height of Schot-
tky barrier of ITO/Al,O3/n-Ge diodes was extracted
just according to the thermionic emission theory,
without considering the tunneling process.

Figure 3a, b shows the temperature-dependent |-
V characteristics of ITO/n-Ge and ITO/Al,O3(2 nm)/
n-Ge diode, respectively. The ®gpr; of the diodes
could be extracted from temperature-dependent -
V characteristics using the activation energy method
[26]. The well linear correlation for extracted In(J/T?)
versus 1000/ T Richardson plots for ITO/Al,O3/n-Ge

355 0.00 () 3.36

Figure 1 The AFM images with a scanned area of 10 x 10 pm? of a clean bare n-Ge, b Al,O3(3 nm)/n-Ge and ¢ HfO,(3 nm)/n-Ge.
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Figure 2 Room-temperature (a) 10"
I-V characteristics of the

a ITO/Al,03/n-Ge and b ITO/
HfO,/n-Ge diodes with
various thicknesses interlayer.
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seen in Fig. 3c. As shown in Fig. 3d, the extracted = between ITO and n-Ge has the strong impact over the
effective &gpy of ITO/Al,O3/n-Ge diodes increases diode characteristics and the effective @ggy. To take a

with increase of Al,O; thickness. An extracted effec- closer look to the sample interfaces, the typical cross-
tive ®gppy up to 0.59 eV is achieved for the ITO/Al,. sectional transmission electron microscopy (TEM)
O3(3 nm)/n-Ge diode, 0.34 eV higher than of the images of ITO/n-Ge and ITO/ALO32 nm)/n-Ge
ITO/n-Ge control device, as shown in Fig. 3d. structures were measured, as shown in Fig. 4.
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Figure 4a, b displays the cross-sectional TEM of ITO/
n-Ge structure. It is reported that Ge atoms can be
oxidized when ITO was deposited onto a heated
(300 °C) Ge substrate under Ar/O, (50/1) ambient, in
which the presence of GeO, at the interface of the ITO
and Ge was observed by TEM image [19]. However,
in this work, ITO was deposited onto a Ge substrate
under high-purity Ar ambient at room temperature.
Thus, the oxidation reaction of Ge surface should be
slight in the sputtered deposition of ITO. Figure 4a
reveals that the ITO layer is uniform, and the film
thickness of ITO was estimated about 100 nm.
Besides, there is not obvious middle layer exist
between the ITO and Ge substrate as shown in
Fig. 4b. Figure 4c, d displays the cross-sectional TEM
of ITO/ALO;(2 nm)/n-Ge structure. Figure 4c
reveals that the ITO layer and Al,O; interlayer are
uniform, and the interfaces among ITO electrode,
Al,O5 interlayer and n-Ge substrate are clear and
smooth. The thickness of Al,Oj interlayer was esti-
mated about 2 nm as shown in Fig. 4d.

Figure 4 Cross-sectional
TEM images of a, b ITO/n-Ge
and ¢, d ITO/Al,05(2 nm)/n-
Ge structures.
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To evaluate the chemical states of the oxides on the Ge
surface, XPS measurements were carried out for Al,.
032 nm)/n-Ge and HfO,(2 nm)/n-Ge samples as
shown in Fig. 5. For the XPS spectra on the surface of
ALO3(2 nm)/n-Ge sample, the binding energy of
74.50 eV is well fitted in Al 2p XPS spectra as depicted in
Fig. 5a, corresponding to the oxidation state of Al,O3
[27]. As shown in Fig. 5b, the Ge 3d XPS peak of Al,.
O3(2 nm)/n-Ge sample centered at 29.88 eV corre-
sponds to the bulk Ge, and the chemical shift of 1.63 eV
to the bulk Ge indicates the existence of Ge suboxides
[28] which may be originated from oxidation of Ge in
ALD system. For HfO,(2 nm)/n-Ge sample, the dou-
blet peaks with binding energy of 17.1 eV and 18.75 eV
are well fitted in the Hf 4f XPS spectra as depicted in
Fig. 5¢, corresponding to Hf-O bonds [29]. The chemi-
cal shift between bulk Ge and GeOy, is about 2.50 eV in
Ge 3d XPS spectra as shown in Fig. 5d, which also
indicates the existence of Ge suboxides.

The barrier height between ITO and n-Ge is
determined by conduction band offsets (AEc)
between ITO and n-Ge, and is also affected by

AIZ()E

Ge
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Figure 5 XPS spectra of a Al (a) ® Experiment (b) « Experiment
2p and b Ge 3d for Fit Al2p Fit Ge 3d
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interface states between ITO and n-Ge. A low barrier
height has been obtained for the ITO/n-Ge diode due
to the small AEc between ITO and Ge, suggesting the
small interface state density between ITO and Ge. By
contrast, high ®gpi; have been obtained for ITO/
Al,O3/n-Ge and ITO/HfO,/n-Ge diodes, suggesting
the high interface state density. At a metal-semicon-
ductor contact, when considering the effect of inter-
face state, the Schottky contact barrier height ®spy
can be described by [30]:

$spu = S(Pm — Ponr) + (Pon — 1s) (1)

where S is the pinning factor, @, is the metal work
function, @cn. and yg is the semiconductor charge
neutrality level and electron affinity, respectively. For
ITO/Al,O3/n-Ge or ITO/HfO,/n-Ge diodes, it is
considered that the instability of Ge suboxides can
lead to abundant dangling bonds on the Ge surface,
resulting in strong Fermi-level pinning (FLP) [31],
which means a low pinning factor S (~ 0). Besides, it
is reported that the charge neutrality level in Ge is
0.1 eV above its valence band [32]. Those should be
responsible for the high ®spy of ITO/ALO;/n-Ge
and ITO/HfO,/n-Ge diodes.

The introduction of an Al,O3 or HfO, interlayer has
been demonstrated to effectively decrease the dark
current for ITO/n-Ge diodes. In order to investigate

Binding Energy (eV)

the responsivity of ITO/Al,O3/n-Ge device to the
incident light, the photoresponse of the device was
measured at reverse bias for wavelength of 1310 and
1550 nm. The photocurrents of the ITO/ALOs(1 -
nm)/n-Ge, ITO/ALO32 nm)/n-Ge and ITO/Al,.
033 nm)/n-Ge diodes measured under illumination
with a 1310 nm laser at various powers are shown in
Fig. 6a—c, respectively. Overall, the photocurrents of
ITO/AlL,O3(2 nm)/n-Ge and ITO/Al,O3(3 nm)/n-Ge
diodes are larger than the photocurrents of ITO/
Al,O3(1 nm)/n-Ge diode under the same test condi-
tions. Besides, it is shown that the photocurrents of
ITO/Al,O3(1 nm)/n-Ge diode linear increases, while
the photocurrents of ITO/Al,O3(2 nm)/n-Ge and
ITO/ Al,O5(3 nm)/n-Ge diodes gradually approach a
saturated value as laser power increases.

Figure 6d, e show the responsivities of ITO/Al,.
O3(1 nm)/n-Ge, ITO/ALO32 nm)/n-Ge and ITO/
Al,O3(3 nm)/n-Ge diodes measured at — 2, — 3 and
— 4 V bias under illumination with a 1310 nm laser at
various powers. As shown in Fig. 6d, the responsiv-
ity of ITO/AL,O5(1 nm)/n-Ge is less related to the
reverse bias and power of laser. At — 4V reverse
bias, the ITO/AL,O5(1 nm)/n-Ge diode approaches to
a saturated responsivity of 0.76 A/W for 1310 nm
laser at a power of 1.0 mW. The responsivities of
ITO/Al,O3(2 nm)/n-Ge and ITO/Al,O5(3 nm)/n-Ge

@ Springer
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Figure 6 Photocurrent of the a ITO/Al,O3(1 nm)/n-Ge, b ITO/
Al,O3(2 nm)/n-Ge and ¢ ITO/Al,O3(3 nm)/n-Ge diodes measured
under illumination by a 1310 nm laser at different powers. The
responsivities of d ITO/Al,O5(1 nm)/n-Ge, e ITO/Al,05(2 nm)/n-
Ge and f ITO/A1,03(3 nm)/n-Ge diodes measured at — 2, — 3 and
— 4 V reverse bias under illumination by a 1310 nm laser at

diodes, in contrast, show more closely correlated
with the reverse bias and power of laser. As show in
Fig. 6e, the responsivity of ITO/Al,O3(2 nm)/n-Ge
diode increases with increasing reverse bias; mean-
while, the responsivity of ITO/AlLO3(2 nm)/n-Ge
diode firstly increases and then decreases with
increasing the laser power. Specifically, a high
responsivity of 12.5 A/W (external quantum -effi-
ciency: 1183%) for 1310 nm at a power of 1.0 mW is
achieved for ITO/AlLO3(2 nm)/n-Ge diode at — 4 V
reverse bias, corresponding to a large photoconduc-
tive gain of 16. In general, the variation tendency of
the photocurrents and responsivity of ITO/Al,.
O3(3 nm)/n-Ge diode is analogous to ITO/Al,O3(2 -
nm)/n-Ge diode. However, compared with ITO/
Al,O5(2 nm)/n-Ge diode, the responsivity of ITO/
Al,O5(3 nm)/n-Ge diode becomes smaller by about
three times, as shown in Fig. 6f.

@ Springer

various powers. g Dependence of responsivity of the ITO/
AlLO3(2 nm)/n-Ge diode on reverse bias voltage. h Dependence
of dark current and responsivity (at 1310 nm) of the ITO/ALL,O3/n-
Ge diodes on Al,Oj; thickness from 0 to 3 nm. i Dependence of

responsivity of ITO/Al,O3(2 nm)/n-Ge diode on power of a
1550 nm laser.

Figure 6g shows the dependence of responsivity of
the ITO/AL,O3(2 nm)/n-Ge diode on reverse bias
voltage from 0 to — 9 V measured under illumination
by a 1310 nm laser at 1.0 mW. The responsivity of the
ITO/Al,O5(2 nm)/n-Ge diode increases gradually
with the increase of reverse bias voltage. At — 9V, a
high responsivity of 18.5 A/W (corresponding to a
large photoconductive gain of 24) for 1310 nm at a
power of 1.0 mW is achieved for ITO/Al,O5(2 nm)/
n-Ge diode. Figure 6h shows the dependence of dark
current (at — 4 V bias) and responsivity (at — 4V
bias with 1310 nm laser at a power of 1.0 mW) of the
ITO/ALL,O3/n-Ge diodes on the thickness of Al,O;
from 0 to 3 nm. It is clearly shown that the dark
current decreases significantly with increase of Al,O3
thickness, the introduction of 2 nm and 3 nm thick
Al,O; interlayer in a ITO/n-Ge Schottky photode-
tector results in 138 x and 544 x reduction of dark
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current respectively, exhibiting a low dark current
density of 32 mA/cm?® and 8.3 mA /cm? respectively.
Meanwhile, the responsivity of ITO/AlLO;/n-Ge
diodes first increases and then decreases with
increasing Al,O; thickness. Figure 6i shows the
responsivity of ITO/Al,O3(2 nm)/n-Ge diode mea-
sured at — 2, — 3 and — 4 V reverse bias under illu-
mination by a 1550 nm laser at various powers. The
responsivity of ITO/AL,O3;(2 nm)/n-Ge diode
increases with increasing reverse bias or increasing
the power (0-0.4 mW) of laser at 1550 nm wave-
length. At — 4 V reverse bias, a high responsivity of
73 A/W (external quantum efficiency: 584%) for
1550 nm at a power of 0.4 mW is achieved for the
ITO/Al,O3(2 nm)/n-Ge diode.

The photocurrent of the ITO/HfO,(1 nm)/n-Ge,
ITO/HfO,(2 nm)/n-Ge and ITO/HfO,(3 nm)/n-Ge
diodes measured under illumination by a 1310 nm
laser at various powers are shown in Fig. 7a, c,
respectively. Figure 7d, e shows the responsivities of
ITO/HfO,(1 nm)/n-Ge, ITO/HfO,(2 nm)/n-Ge and
ITO/HfO,(3 nm)/n-Ge diodes measured at — 2, — 3
and — 4V reverse bias under illumination by a
1310 nm laser at various powers. Overall, the varia-
tion tendency of the photocurrents and responsivity
of ITO/HfO,/n-Ge diodes are analogous to ITO/
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Al,O3/n-Ge diodes. The phenomena of photocon-
ductive gain can be also observed for ITO/HfO,(2 -
nm)/n-Ge and ITO/HfO,(3 nm)/n-Ge diodes.

For further comparison, Fig. 8a shows the com-
parison of dark currents and photocurrents measured
under illumination with a 1310 nm laser at power of
1 mW for ITO/n-Ge, ITO/AlL,O5(2 nm)/n-Ge and
ITO/HfO,(2 nm)/n-Ge diodes. It is shown that a
poor distinguish ability between photo and dark
current is observed for the ITO/n-Ge diode owing to
its high dark current and low responsivity. The ITO/
AlLL,O32 nm)/n-Ge and  ITO/HfO,(2 nm)/n-Ge
diodes, by contrast, show better photoelectric
behaviors, benefiting from their low dark currents
and high responsivities. Figure 8b shows the depen-
dence of responsivities (1310 nm laser at power of
1 mW) on reverse bias for ITO/n-Ge, ITO/AlL,O5(2 -
nm)/n-Ge and ITO/HfO,(2 nm)/n-Ge diodes. It is
shown that the responsivity of ITO/n-Ge diode
approaches to a saturated value at a low reverse bias,
while the responsivities of ITO/ALO3(2 nm)/n-Ge
and ITO/HfO,(2 nm)/n-Ge diodes increase linearly
with the increase of reverse bias. At — 4 V reverse
bias, high responsivities of 12.5 A/W and 9.3 A/W
are achieved for ITO/Al,O3(2 nm)/n-Ge and ITO/
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Figure 7 Photocurrent of the a ITO/HfO,(1 nm)/n-Ge, b ITO/
HfO,(2 nm)/n-Ge and ¢ ITO/HfO,(3 nm)/n-Ge diodes measured
under illumination with a 1310 nm laser at various powers. The
illumination power dependence of responsivity of d ITO/
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HfO,(1 nm)/n-Ge, e ITO/HfO,(2 nm)/n-Ge and £ ITO/
HfO,(3 nm)/n-Ge diodes measured at —2, —3 and — 4V
reverse bias with a 1310 nm laser.
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HfO,(2 nm)/n-Ge diodes, 16 x and 12 x higher than
ITO/n-Ge device, respectively.

Another important performance merit for pho-
todetectors is the normalized photo-responsivity-to-
dark current ratio (NPDR) [33] defined as:

NPDR = R/Igur (2)

where R is the responsivity, Ijak is the dark current.
Figure 8c shows the dependence of NPDRs (1310 nm
laser at power of 1 mW) on reverse bias for ITO/n-
Ge, ITO/ALL,O3(2 nm)/n-Ge and ITO/HfO,(2 nm)/n-
Ge diodes. Clearly, the NPDRs of ITO/Al,O5(2 nm)/
n-Ge and ITO/HfO,(2 nm)/n-Ge diodes are signifi-
cantly improved compared with that of ITO/n-Ge
diode. Specially, measured at — 4 V bias voltage
under illumination by a 1310 nm laser at power of
1 mW, a high NPDR of ~ 1484 and 1488 mW ™' was
obtained for ITO/Al,O32 nm)/n-Ge and ITO/
HfO,(2 nm)/n-Ge  diode, respectively, about
2500 x higher than ITO/n-Ge diode, as shown in
Fig. 8d.

The responsivity of the photodetector is deter-
mined by external quantum efficiency which is cor-
related with the number of electron-hole pairs
generated per incident photon. Figure 9a shows the
energy band diagram of the ITO/n-Ge device under
light illumination. Under irradiation, at reverse bias
voltage, the photogenerated electrons coming from
inter-band photoemission of Ge can be transported
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from conduction band of Ge to back electrode. While
the photogenerated holes can recombine with elec-
trons transported from ITO electrode, at the interface
between ITO and n-Ge. The photocurrent is upper
limited by photogenerated electron-hole pairs, and
thus, no photoconductive gain has been observed for
ITO/n-Ge photodetectors.

Figure 9b shows the energy band diagram of the
ITO/Al,O5(or HfO,)/n-Ge device without light illu-
mination. It is shown that the electrons have to
overcome a high barrier height to form a dark current
under reverse bias voltage. Figure 9c shows the
energy band diagram of the ITO/AlLOs(or HfO,)/n-
Ge device under light illumination. Under irradia-
tion, at reverse bias voltage, the photogenerated
electrons can be transported from conduction band of
Ge to back electrode as well. However, with an
appropriate thickness of Al,Os(or HfO,) interlayer,
the recombination between photogenerated holes
and electrons can be inhibited by AlL,Os(or HfO,)
interlayer due to larger valence band offset between
Al,Os(or HfO,) and Ge. And the trap states existed at
the surface of n-Ge have the possibility to be occupied
by photogenerated holes. The trapped holes will
cause the energy band (close to the ITO cathode)
bending, which could dramatically reduce the injec-
tion barrier width for electrons to drive the electrons
to tunnel through it from the ITO electrode. The
quantity of injected electrons can be much larger than
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Figure 9 a The energy band (a)
diagram of the ITO/n-Ge
device under light
illumination, the energy band
diagram of the ITO/Al,O3(or
HfO,)/n-Ge device under

Light
b dark and c light illumination. ITO

™=

the photogenerated ones, which should be responsi-
ble for photoconductive gain of ITO/Al,O3(2 nm)/n-
Ge and ITO/HfO,(2 nm)/n-Ge diodes.

The changes in responsivity for the ITO/Al,O3/n-
Ge and ITO/HfO,/n-Ge diodes with interlayer
thickness can be explained as follows. When the
interlayer thickness is very thin, the photogenerated
holes can tunnel through interlayer and recombine
with electrons from ITO electrode, resulting in low
responsivity for ITO/Al,O5(1 nm)/n-Ge and ITO/
HfO,(1 nm)/n-Ge diodes. As interlayer thickness
increases, tunneling behavior for photogenerated
holes is inhibited, while the electrons from ITO
electrode can tunnel through interlayer due to the
smaller effective mass of electron and smaller AE.(-
versus AE,) between Al,Oz(or HfO,) and Ge,
resulting in high responsivity for ITO/AlL,O3(2 nm)/
n-Ge and ITO/HfO,(2 nm)/n-Ge diodes. Continu-
ously increasing the thickness of interlayer, tunneling
behavior of photogenerated electrons is inhibited,
resulting in lowering responsivity for ITO/AlO3(3 -
nm)/n-Ge and ITO/HfO,(3 nm)/n-Ge diodes.

The dependence of responsivities for the ITO/
Al,O3/n-Ge and ITO/HfO,/n-Ge diodes on laser
power can be explained as follows. At low laser
power, the photogenerated carriers increase with
laser power and are captured and converted into
trapped holes, to further make the energy band
bending, resulting in the improvement of responsiv-
ity for ITO/Al,O3/n-Ge and ITO/HfO,/n-Ge diodes.
However, continuously increasing the laser power,
trap states are filled with photogenerated holes and
reach saturation, and then, the recombination prob-
ability between photogenerated electrons and holes
will increase, resulting in lowering responsivity for
these photodiodes.

ITO lezo_‘(llmz)
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Conclusions

High photoconductive gain and low dark current
ITO/Al,O5/n-Ge and ITO/HfO,/n-Ge photodiodes
are investigated. It is demonstrated that the intro-
duction of an Al,O; or HfO; interlayer can effectively
increase the barrier height and suppress dark current
for the ITO/n-Ge diode. Due to the surface defects
states caused by Ge suboxides, Ge photodiodes with
high photocurrent gain have been achieved, in which
the large photoconductive gain up to 24 for 1310 nm
at — 9V is obtained for ITO/Al,O3(2 nm)/n-Ge
photodiodes. The high responsivity and low dark
current of the photodiodes result in a high NPDR of
1484 and 1488 mW ! for ITO/ALO5(2 nm)/n-Ge and
ITO/HfO,(2 nm)/n-Ge diode, respectively, about
2500 x higher than ITO/n-Ge diode at 1310 nm
under — 4 V. The combination of CMOS compatibil-
ity, low dark current and high photoconductive gain
at 1310 and 1550 nm makes the ITO/Al,O3/n-Ge and
ITO/HfO,/n-Ge photodetectors potential for a wide
variety of applications in different fields.
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