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ABSTRACT

We proposed and developed a novel infrared light emitting diode (LED) based on ordered p-n
heterojunction built of p-Sii«Gex alloy and n-ZnO nanowires. The Electroluminescence (EL) emission of this
LED is in the infrared range, which is dominated by the band gap of SiixGe: alloy. The EL wavelength
variation of the LED shows a red shift depends on the increasing of Ge content. With the Ge compositions of
0.18, 0.23 and 0.29, the average EL wavelengths are around 1144 nm, 1162 nm and 1185 nm, respectively. The
amplitude of red shift matched with the theoretical calculation. Therefore, by modulating the Ge
composition of the Sii«Gex alloy, we can adjust the band gap of the SiGe film and tune the emission
wavelength of the fabricated LED. Such IR LED device may have great potential applications in optical

communication, environmental monitoring and biological and medical analyses.
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1 Introduction

Semiconductor nanowires have attracted more and
more interests for their promising applications in
optoelectronics. A branch of these applications is
light emitting diode (LED) device. Compared with
the devices based on thin films[1-3],
nanowire-based LED could not only avoid the total
internal reflection between the films but also have
higher extraction efficiency by means of the
nanowire’s waveguiding property[4-6]. ZnO
nanowire is regarded as one of the most promising
materials for next generation optoelectronics due to
its large exciton binding energy and wide direct
bandgap energy at room temperature[7]. Since the
fabrication of high quality p-ZnO is still
confronting great challenges to form p-n
homojuncion[8, 9], ZnO LED based on
heterojunction

including p-GaN/n-ZnO,

p-polymer/n-ZnO and p-Si/n-ZnO were

investigated as alternative structures[10-16].

Si is a traditional semiconductor material in the
integrated circuit industry. The ZnO/Si LED
nanodevices have been studied widely, from single
wire LED to nanowires or nanorods array
LED[17-25]. However, most studies focused on the
electroluminescence (EL) emitting of these devices
in visible range. Research on EL emitting in
infrared (IR) range had been neglected until Chen’s
group reported an IR EL emitting from
ZnO/Si-nanotip LED in 2009[26]. The IR

wavelength corresponds to Si band gap energy.

Their work opens a door that induces researchers
move attention to the IR emitting of ZnO/Si
heterojunction. In C, Si, and Ge element family,
SiGe alloy takes a unique place because its band
gap can vary smoothly from Si (about 1.155 eV) to
Ge band gap (about 0.740 eV), which depends on
the Si and Ge atomic percentages[27-30]. Therefore,
a marriage between ZnO and SiGe alloy could
realize a new wavelength tunable IR LED device,
which has attracted more and more attentions in
recent years[31-34]. Same as other IR LED
nanodevice, this novel device may have great
potential applications in optical communication,
environmental monitoring and biological and
medical analyses[35, 36]. In addition, ordered
nanowires LED has a better prospect than random

distributed nanowires LED [10].

In this work, we demonstrate the first exploration
of design, fabrication and characterization of
ordered LED devices, which are formed by p-type
Si12Ger alloy (x = 0.18, 0.23 and 0.29) and n-type
ZnO nanowires ordered array heterojunction. Each
LED consists of multi n-ZnO nanowires/p-SiGe
LED diodes with 15 pm pitch, corresponding to a
pixel density of 3175 dpi. The EL spectrum reveals
that the LEDs generate an IR emission, which
corresponds to the corresponding SiGe band gap.
The emission wavelength has an obvious red shift
as the Ge content increases. Corresponding to the
Ge composites of 0.18, 0.23 and 0.29, the EL peak
arises from 1144 nm, 1162 nm, to 1185 nm, and

such red shift matches well with the theoretical
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calculation. The developed techniques could pave
the way for exploring new functions of SiGe based

optoelectronic nanodevices.

2 Experimental Sections

The proposed LED device based on ordered ZnO
nanowire/Sii«Gex alloy heterojunction contains a
heavily doped p-type Sii«Gex layer (carrier density
of 1019 cm?) and an ordered n-type ZnO nanowire
pixels array. A schematic of the fabrication process
is presented in figure la. Frist, strained Sii1+Gex (x =
0.18, 0.23 and 0.29) layer was grown on p-type
lightly doped 8 inch (001) Si wafers (resistivity of
1-20 Q-cm) using an Applied Material Epi Centura
200 RPCVD system (figure 1lai). Second, a
UV-lithography was employed to generate a
patterned template of a negative photoresist over
the Si1«Gex layer, which was consisted of squares
with 5 um side and 15 pum pitch of each square.
Third, a thin film of polycrystalline ZnO seed was
deposited by magnetron sputtering on the Sii-»Gex
layer and photoresist template. After the lift-off
process, the ZnO seed squares array only leave on
the Si1+Gex layer of the photoresist holes (figure
laii). Then, a hydrothermal growth method was
used to synthesize the ZnO nanowire pixels (figure
laiii). Next, a layer of SU8 photoresist was spun
coated to wrap around the ZnO nanowire pixels.
The top part of the photoresist was etched by
oxygen plasma to expose the tips of the nanowires
(figure laiv). Finally, a layer of indium tin oxide

(ITO) was sputtered on the top of the device to

work as top electrode (figure lav).

3 Results and discussion

Figures 1b to le show the typical SEM images of
the ZnO nanowire arrays grown on the SiGe layer
after hydrothermal growth process, the LEDs with
ITO electrode and the cross-section of the
ZnO/SiGe heterojunction, respectively. Here we
present the results of ZnO/ SionGeoz
heterojunction structure for a typical example. As
shown in the insert image in figure 1b, because the
surrounding nanowires provide certain spatial
confinement, the nanowires in the middle of the
pixels have good alignment and are perpendicular
to the SiGe plane. From the insert image that
zooms on the top of a pixel, we can observe the
hexagonal tops of the ZnO nanowires. The SEM
image (presented in figure 1c) of the LED device
shows that all the nanowire pixels are wrapped by
the SU8 photoresist, and that the heads of the
nanowires are exposed after the oxygen plasma
etching. Each pixel is a single LED that works as a
pixel of the device. Through the cross-sectional
SEM image of the nanowire pixels and SiGe layer,
we can observe that the ZnO nanowires are around
2 um high, as shown in figure 1d. Figure 1le
presents the enlarged SEM image of the interface
between a single ZnO nanowire pixel and the Si
substrate, the SiGe layer can be clearly seen and its

thickness is about 40 nm.

To reveal the construction of the p-n heterojunction,

we carried out a series of characterization
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measurement on the ordered ZnO
nanowire/Sii«Gex alloy nano-system. Figure 2a
shows the X-ray diffraction (XRD) spectra of ZnO
nanowires on the SiGe layers with three different
Ge compositions. The ZnO (100), ZnO (002), ZnO
(101), ZnO (101), ZnO (102), ZnO (110) ZnO (103)
and ZnO (004) peaks are observed at 31.7°, 34.4°,
36.2°, 47.5°, 56.6°, 62.8° and 72.5°, confirming a
wurtzite-type ZnO crystal [23, 37, 38]. The
strongest peak located at 34.4° that indexed as (002)
indicates the ZnO nanowires are preferentially
oriented in the c-axis direction and most of the
nanowires are perpendicular to the SiGe layer [12,
17, 24, 38]. These results are consistent with the
SEM measurement described above. We also find Si
(004) at 69.13° and SiGe (004) peaks close to it on
low degree side. As shown in figure 2b, the SiGe
(004) peak position moves toward lower degree
angle along with the increasing of Ge composition
(Sios2Geoas at 68.0°, Sio77Geozs at 67.8° and Sio71Geo.2s
at 67.6°). The thicknesses of the strained SiGe layer
can be calculated from the interference fringes,
which are approximately 24 nm, 28 nm and 40 nm
for Sios2Geos, Sio77Geozs and Sion1Geozo layers,
respectively. The growth of high quality SiGe alloys
using RPCVD system is a mature manufacturing
technique in semiconductor technology, including
the precise control of Ge composition, strain state,
film and surface morphology of the SiGe layers[39,
40].

Figure 2c shows the Raman spectra of the three

ZnO nanowire/SiGe heterostructure. The Raman

spectra were collected with a micro-Raman
spectrometer (HR Evolution, Jobin Yvon) excited by
a 532 nm laser at 50 mW. The scatterings of the
SiGe alloy and the ZnO nanowires are clearly
observed. The scattering peak at 520 cm” is
attributed to the first-order optical phonons of Si-Si
bond [41], while that at 414 cm! is assigned to optic
phonons involving Si-Ge stretching motions [42-44].
The two sharp peaks at 99 and 438 cm™ correspond
to the low—frequency and high-frequency E2 modes
of ZnO, respectively[45, 46]. The Raman peak at
about 300 cm? consists of two vibration modes:
Ge-Ge stretching motions centered at 290 cm™ and
Si-Si 2TA mode at 302 cm? [41-44]. The intensity of
Raman peak at about 290 cm, which corresponds
to the Ge-Ge mode, rises along with the Ge content
increase, whereas the relative intensity of Si-Si 2TA
mode at 302 cm? keeps unchanged. For the SiGe
alloys with different Ge contents, the positions of
the ZnO Ez(high) modes are same as the bulk ZnO,
indicating the ZnO nanowires are free of stress [46].
Meanwhile, there are three weak Raman peaks at
333, 378 and 572 cm, which are assigned to the
second order scattering (Ez:(high)-Ez(low) mode),
A1(TO) mode , and A1(LO) mode of ZnO,

respectively [45, 46].

The photoluminescence (PL) spectra of the ZnO
nanowire/SiGe alloys were obtained. The PL
spectra were performed by excitation from a 500 W
Xe lamp and the exciting wavelength was set to be
325 nm (FLS980, Edinburgh Instruments). The PL

emission was collected by a photomultiplier tube in
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UV-visible range. From the PL spectra shown in
figure 2d, we can see that all the ZnO nanowires of
the three structures have a narrow peak at around
380 nm in U-V range and a wide peak at about 620
nm in visible range. The U-V peak corresponds to
the near-band-edge emission, while the visible
peak is usually attributed to defects such as oxygen
vacancies and zinc interstitials [17-19, 22, 24, 26].
The PL spectra indicate that the ZnO nanowires
grown on different SiixGex alloy layers have similar

PL emission mechanisms.

The current-voltage (I-V) characteristics of the three
types of LED devices with the same sizes (5 mm %5
mm) are plotted in figure 3a. All of the devices
exhibit obvious rectification behavior with
threshold voltages of the devices around 6.5V,
indicating high-quality p-n heterojunctions formed
between the ZnO nanowires and the SiGe alloy
layer. The increase of Ge composition does not
strongly influence the rectification property of the
devices. Figure 3b shows an typical optical image
of a lighted-up ZnO nanowire/Sioz1Geo29 alloy LED
device, the applied current is set to be 0.3 A,
corresponding to an current density of 0.12
mA/cm? The image was picked by an objective
equipped on a commercial microscope (Axio
Observer. Z1, Zeiss). The ordered array can be
clearly seen with the designed pixel density of 3175
dpi (15 um pitches). The light intensity profile of
five adjacent representative LEDs that are marked
by a white rectangle is show in figure 3c, together

with the corresponding LED devices. The profile

does not show crosstalk between the adjacent

LEDs.

The most important characterization of the LEDs is
the electroluminescence (EL) spectra, which were
measured at room temperature (NIR1700
spectrometer, Ideaoptics). Infrared EL (IR EL)
spectra for the three types of LED devices are
plotted as a function of the applied current, as
shown in figure 4b, 4d and 4f. All the three devices
display a strong and narrow peak in range of 1140
nm to 1200 nm, which corresponds to the energy
band of the SiGe alloy. For each device, the EL
intensity increases with the increase of the applied
current. And the peak position has slightly red shift
corresponds to the increasing of current. The
bathochromic shift of electroluminescence may be
caused by the joule heat affect, as reported by Chen
et.al. [26]. In addition, a very weak visible EL peak
are observed from the developed devices with high
applied current intensity, which are located at the
shoulder of the IR EL peak, as shown in figure 4a,
4c, and 4e (QE65 Pro spectrometer, Ocean Optics).
The EL curves of all devices have the same general
features, extending from 450 nm to beyond 900 nm
and being centered at about 700 nm. This visible EL
phenomenon is believed to be due to the defects
and surface states of ZnO, in accordance with
visible PL emission[18, 19, 22, 24].

As discussed above, the IR EL emitting of the
fabricated LED devices is attributed to the band
edge emitting of the binary SiGe alloy. To

understand the relationship between the Ge

www.theNanoResearch.com | www.Springer.com/journal/12274 | Nano Research



composition and the EL emitting wavelength, we
compare the EL spectra of devices with different
Ge contents. A three dimensional (3D) graph of the
wavelength shift along the Ge composition and
applied current is plotted in figure 5a. An overall
trend of how wavelength move with the change of
the two factors can be simultaneously derived from
this 3D graph. Figure 5b shows the wavelength
variations of three devices with the Ge composition
of 18%, 23% and 29%. We can see a clearly red shift
corresponds to the increasing of Ge content. As
described in Ref. 27, the energy band gap of Sii-»Gex
alloy varies smoothly from the Si energy band gap
at 1.155 eV to the band gap in Ge at 0.740 eV
depends on the factor x, an alternation from the
Si-like X-conduction-band minimum to the Ge-like
L-conduction-band minimum occurs at until x =
0.85. Theoretically, by using the tight-binding
method within the virtual crystal approximation,
the energy band between the top at I of the valence
band and the X, L or I' point in the conduction
band of a Si1-xGex alloy can be deduced by equation
1 by:

ESICe _ (1-x)ES' + XE®® 4 bejs X(1— X
g ( ) g g SiGe ( ) 1) [30].

However, the bowing parameter bSiGe is difficult
to determine here. Therefore, we employ the fitting
calculation from Ref. 27. Since the SiGe alloy layers
are grown on the Si substrate, they should have a
“Si-like” band structure [29]. Hence we use the

calculation for the Si-like X band:

E5'°°(x) =1.155-0.43x+0.206x° eV
2) [27).

The energy band gap of the three compositions
SiGe alloy layers are 1.084 eV for factor x 0.18, 1.067
eV for 0.23 and 1.048 eV for 0.29, corresponding to
the emitting wavelength at 1144 nm, 1162 nm and
1184 nm, respectively. Figure 5c shows the emitting
peaks variations of the three devices as a function
of the applied currents. The average emitting
wavelength is around 1144 nm, and 1162 nm and
1185 nm for the fabricated LED devices with
Sios2Geois,  Sio7Geozs and — SionGeozo  alloy,
respectively. The measurement results match well
with the theoretical calculation. These results
strongly indicate that the SiGe alloy band edge
emitting dominates the IR EL emitting of the
developed LED devices. By adjusting the relative
composition of Si and Ge elements, we can
manipulate the energy band gap of SiGe alloy and
then tune the emitting wavelength of the ZnO/SiGe
heterojunction LED. Hence the proposed idea that
a marriage between ZnO and SiGe alloy could
realize a new wavelength tunable IR LED device is
confirmed. Figure 5c shows the wavelength
variations of the three devices under different
applied currents. For all devices, the wavelength of
the EL peak exhibits obvious batho-shift when the
applied current exceeds 0.10 A, which is attributed
to the joule heat effect. When the applied currents
are lower than 0.10 A, the heat dissipation via
conduction and radiation may counteract the
accumulation of the joule heat by the device.
Further increase in the applied current from 0.10 A

to 0.25 A will cause obvious rising in the device
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temperature, hence resulting in the red shift of

wavelength.

4 Conclusions

In conclusion, we have demonstrated a novel
NW LEDs array based on ordered ZnO
nanowire/SiGe alloy heterojunction arrays. It is
shown that the LED device has IR emitting,
which is dominated by SiGe band edge emitting.
Through adjusting the Ge composition of the
SiGe alloy, we can modulate the energy bandgap
of the SiGe alloy and further tune the emitting
wavelength of the LED device. The developed
LED device is compactable with conventional Si
based integrated circuit technology and may
open an avenue for design, fabrication and
application of a new generation of micro/nano
wavelength tunable IR light sources or display
device. The developed techniques may have wide
potential of applications in integration
optoelectronics,  telecommunication,  optical

interconnect systems and IR sensor areas.
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Figures and figure captions
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Figure 1

Figure 1 (a) Schematic of the device fabrication process. (b) Top SEM image of the as-grown ZnO nanowire pixels array on the SiGe
alloy film; Insert: enlarged SEM image of the ZnO nanowires in the center of a pixel. (c) Top SEM image of ZnO nanowire/SiGe
LEDs after the ITO layer deposited; Insert: enlarged SEM of one LED. (d) SEM image of transaction of a ZnO nanowire pixel on the

SiGe alloy film. (e) Enlarged SEM image of interface of ZnO nanowire pixel and SiGe alloy film.
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Figure 2
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Figure 2 (a) XRD spectra of ZnO/SiGe nanoheterostructure array with Ge compositions 0.18, 0.23 and 0.29. (b) XRD rocking curves

of SiGe layers with Ge compositions 0.18, 0.23 and 0.29. (c) Raman spectra of ZnO/SiGe nanoheterostructure array with Ge

compositions 0.18, 0.23 and 0.29. (d) PL spectra of ZnO nanowires on the SiGe layers with Ge compositions 0.18, 0.23 and 0.29.
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Figure 3
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Figure 3 (a) Current-voltage (I-V) curves of three LEDs devices with Ge compositions 0.18, 0.23 and 0.29, the devices have the
same size. (b) Optical image of a LEDs array when electrically emitting light by a applied current of 0.3 A, a nanowire pixel is a

single LED that forms a pixel unit in the array. (c) Five typical LEDs (marked with a rectangle in (b)) and corresponding line profile

of their emission intensity.
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Figure 4 Electroluminescence spectra collected from three ZnO/SiGe LEDs devices with Ge compositions 0.18, 0.23 and 0.29. (a), (c)

and (e) are in visible range. (b), (d) and (f) are in infrared range.
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Figure 5 (a) 3D graph depicting the wavelength variation of the ZnO/SiGe LED under different applied currents and Ge
compositions. (b) Wavelength variation of the ZnO/SiGe LED under different Ge compositions. (c) Wavelength variation of the

ZnO/SiGe LED under different applied currents. Data of (b) (c) were extracted from (a).
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