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ZnO layers grown on n~-Si(100), n*-Si(100), and n~-Si(111) substrates by pulsed-laser deposition
were found to give electroluminescence. Light emission was observed in the form of discrete spots
for currents over 1 mA with a white appearance to the naked eye. The intensity of these spots
showed an erratic behavior over time, appearing and disappearing at random, while showing an
associated random telegraph noise in the current signal. Regardless the substrate used, the
electroluminescence spectra had a main broadband emission centered at about 600 nm and a
relatively small peak at around 380 nm which corresponds to the energy of ZnO near band edge
emission. Furthermore, the devices exhibited rectifying characteristics, whose current blocking
direction depended on the substrate orientation. Optimization of ZnO conductivity and performing
sample growth in N, ambient were found to be critical to enhance the emission intensity. Rutherford
backscattering characterization revealed the existence of an intermixed region at the interface
between ZnO and Si. To study the electronic properties at the interface, frequency dependent
capacitance measurements were carried out. The junction capacitance became frequency dependent
at the bias voltages at which light emission occurs due to the relatively slow trapping and generation
processes at deep centers. These centers are believed to play an important role in the mechanism of

light emission. © 2010 American Institute of Physics. [doi:10.1063/1.3305530]

I. INTRODUCTION

Due to its high exciton binding energy (~60 meV) and
wide bandgap (~3.34 eV), ZnO is a promising material for
efficient ultraviolet (UV) emission at room temperature (RT)
and beyond. Indeed, ZnO is believed to have the potential to
provide emitters with higher brightness, lower threshold cur-
rents, better performance at high temperatures, and higher
radiation resistance compared to their nitride-based
counterparts.1 If such devices were available, they could then
be used to obtain superior white light-emitting diodes
(LEDs) for solid-state lighting. To enable the fabrication of
homojunction LEDs and laser diodes, considerable effort is
currently being made to develop stable and reproducible
p-type doping in Zn0.** However, it remains very difficult
to obtain reliable p-type ZnO with sufficiently high carrier
concentrations and conductivity for device applications. As a
result, many reports have been limited to heterostructure p-n
junctions.“’5 In particular, the use of silicon substrates pre-
sents some clear advantages such as their low price, crystal-
line quality, easy cleaving, and potential capabilities for hy-
brid integration. From early investigations on ZnO materials,
this substrate has been employed for the fabrication of ZnO-
based piezoelectric transducers, gas sensors, and solar cell
electrodes.®™

Several groups have reported light emission from n-p
and p-n ZnO/Si heterojunction diodes,”™" and recently,
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LEDs based on rectifying n-ZnO/Si0,/n-Si junctions have
been demonstrated.'> A common feature of all of these stud-
ies is the observation of RT broadband visible emission. Al-
though some have attributed the band to the radiative recom-
bination through deep-level defects in the ZnO near the
interface with the silicon, its origin is still unclear. This work
aimed to gain insight on the topic through the fabrication of
visible electroluminescent ZnO/Si heterojunctions grown by
pulsed-laser deposition (PLD) on different n-type silicon
substrates: n7-Si(100), n*-Si(100), and n~-Si(111). The uni-
formity of the luminescence and the role of ZnO conductiv-
ity plus gas ambient during epitaxial growth were explored.
Current-voltage (I-V) characteristics and capacitance mea-
surements were analyzed in order to investigate the electrical
properties of the heterojunction. Rutherford backscattering
(RBS) was also used to study ZnO-Si intermixing at the
interface.

Il. EXPERIMENTAL

ZnO thin films with thicknesses of 0.7-0.8 um were
deposited on Si substrates by PLD. The deposition system
comprised of a 248 nm KrF excimer laser, which irradiated a
sintered ZnO target in partial N,+O, ambient. For the sake
of comparison, a ZnO layer was also grown on one of the
substrates [n*-Si(100)] in partial O, ambient. The n™-type
and n*-type silicon substrates had resistivities >20 () cm
and <0.005 ) cm, respectively.

The crystal structure of the as-grown ZnO layers was
investigated using x-ray diffraction (XRD) with a four-circle
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Panalytical X-Pert MRD Pro system. The surface morphol-
ogy was then studied using atomic force microscopy (AFM)
with a Park Scientific Instruments Autoprobe system. The
optical properties were investigated using RT photolumines-
cence (RT-PL) spectroscopy with a frequency-doubled argon
ion laser emitting at 244 nm. Hall-effect measurements were
difficult for the ZnO/Si structure because the conductivity of
the substrate is higher than that of the ZnO. Therefore, to
prevent parallel conduction phenomena,13 Hall-effect mea-
surements were performed on reference layers grown on
glass and sapphire substrates under the same conditions.

For device fabrication, samples were precleaned with ac-
etone and methanol. Mesa structures with areas between 0.05
and 2 mm?” were defined via photolithography and wet etch-
ing (1:1:50 H;5PO,: acetic acid:H,0). Two different kinds of
top-contacts were used during this work: Pt (300 A)/Ni (300
A)/Au (500 A) annealed at 600 °C for 1 min under nitrogen,
and unannealed Al (1000 A). All contacts exhibited a linear
behavior due to the favorable surface properties of n-type
ZnO for the formation of Ohmic contacts'* The top contacts
were smaller than the mesa area, leaving room for the emis-
sion of light through the uncovered surface. Finally, an Al
contact was deposited on the back side of the Si. This contact
was also found to be Ohmic by measuring the characteristics
of two halves of the contact separated by a middle trench.

The I-V measurements were carried out using a probe
station. To further investigate the depletion region character-
istics, capacitance-voltage (C-V) measurements were per-
formed (in darkness) on the devices fabricated on n~-Si(100)
substrates using a HP4284A 20 Hz—1 MHz LCR meter. A Xe
lamp coupled to a monochromator was used to analyze the
photocapacitance under monochromatic light

In order to study the interface morphology, RBS charac-
terization was carried out on one of the ZnO/n™-Si(100)
samples by using a 5 MV terminal voltage tandem accelera-
tor available at the Centro de Microandlisis de Materiales
(CMAM) at Universidad Auténoma de Madrid (UAM). The
setup was equipped with a solid-state detector held at 170°;
the energy calibration of the detector was 2.62 keV/channel
with an energy offset of 100 keV; the spectrum consisted of
an integration over a total charge of 10 uC. The ion energy
was set at 3035 keV to profit from the O'(a, @)0' oxygen
resonance at that energy. The experimental results were fitted
using v6.04 of the “SIMNRA” plrogram.15

lll. PRELIMINARY MATERIAL CHARACTERIZATION

ZnO layers were characterized after growth using XRD,
AFM, RT-PL, and Hall effect. The rocking curve of the ZnO
(0002) reflection presented a full width at half maximum
(FWHM) of about 0.84°. The AFM images showed root
mean square roughnesses of about 1.5 nm and peak-to-valley
values of about 9.8 nmin 1 X 1 um? scans. Layers exhibited
RT luminescence centered at 378 eV with a FWHM of about
100 meV and no evidence of the blue or yellow bands asso-
ciated with N incorporation16 and deep acceptor related
defects,'” respectively. The results shown on Fig. 1 also in-
dicate (1) that postgrowth annealing enhances the peak in-
tensity and (2) that samples grown in N,+0O, ambient show
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FIG. 1. (Color online) RT-PL spectra of samples grown in N,+0O, and O,
ambient before (solid lines) and after (dashed lines) annealing.

higher intensity than those grown in pure O,. Finally, n-type
carrier concentrations of 8.0X10'™ and 2.5Xx 10" cm™
were measured for glass and sapphire substrates with Hall
mobilities of 19 and 22 cm? V~! 57!, respectively.

IV. ELECTROLUMINESCENCE

Although several authors have reported the electrolumi-
nescence (EL) of this type of heterojunction, there is little
knowledge of the uniformity of the emission. In our case,
optical microscopy clearly reveals localized luminescent
centers with a white appearance to the naked eye for currents
over 1 mA. The bias voltages at which the light emission
occurs depend on the substrate orientation and resistivity.
Figure 2(a) shows the microscope image of a 0.2 mm? diode
fabricated on the n~-Si(111) substrate taken at —20 V bias
(21 mA). The picture exhibits a spot density of about
1200/ mm?; no evidence of diode emission was found under
positive bias voltages. Figure 2(b) shows the microscope im-
age of a 0.05 mm? diode fabricated on the n™-Si(100) sub-

2

FIG. 2. (a) Microscope view of a 0.2 mm? area diode fabricated on
n~-Si(111) at —20 V. (b) Microscope view of a 0.05 mm? area diode fab-
ricated on n~-Si(100) at 14 V.
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FIG. 3. Spot density vs injection current for diodes fabricated on n™-Si(111)
(squares) and n~-Si(100) (triangles).

strate taken at 14 V bias (100 mA). The spot density is about
1000/ mm?; no evidence of emission was found under nega-
tive bias voltages.

The pattern of the EL showed a dependence on both time
and current. Under constant bias, luminescent spots of vari-
ous intensities appeared and disappeared at random over
time. In some cases, new spots appeared while, in others, the
same spot position extinguished and then lit up again later.
The spots had various absolute intensities but the average
spot brightness seemed to increase with the injected current.
However, for all the devices tested, total emission power was
found to be lower than 1 nW within the 1-100 mA current
range. The density of spots did not appear to increase signifi-
cantly with increasing current (Fig. 3). The random spot
emission was also accompanied by random telegraph noise
(RTS) in the current signal (Fig. 4). The amplitude of the
current fluctuations varied randomly with time from about
0.2% of the total current, for the smallest fluctuations, to 7%
of the current, for the largest.

The EL spectra were acquired under pulsed operation
(duty cycle of 5% and frequency of 500 Hz) in order to
reduce heating effects under high current injection (Fig. 5).
The spectra all presented a broadband emission between 400
and 750 nm with a peak at about 600 nm. A comparable band
was found for n-ZnO/p-Si diodes,10 thus indicating that the
behavior of bipolar and unipolar ZnO/Si heterojunctions is
quite similar. A weaker and narrower peak, centered between
about 380 and 390 nm, was also observed. Its presence was
confirmed through the measurement of several diodes under
different bias conditions. This emission wavelength corre-
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FIG. 4. Current signal of a ZnO/n~-Si(111) diode at a constant bias (—15
V).
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FIG. 5. (Color online) EL measurements performed in a 0.2 mm? area
diode under pulsed operation (duty cycle of 5% and frequency of 500 Hz).
The label displays the peak current values and the inset shows the weak UV
emission recorded at a 95 mA peak current. Noise floor (black dashed line)
obtained in absence of bias is also included in the inset as a reference.

sponds to the near band edge (NBE) peak observed for the
ZnO in photoluminescence spectra and it suggests that some
carrier recombination occurred in the ZnO.

Some devices showed localization of the emission cen-
ters in the vicinity of the metal contact pad (Fig. 6). Electri-
cal characteristics revealed that the ZnO in such samples had
higher resistivity and that the series resistance of the diodes
fabricated in these areas was about twice as large than for the
other diodes. Thus, it was possible that this localization of
the EL could be due to reduced lateral current spreading as a
result of lower conductivity of the ZnO layer.

To test the effect of the nitrogen atmosphere on device
performance, devices were also fabricated on the sample
grown in absence of N,. Such samples presented up to an
order of magnitude higher lateral resistivity than samples
grown in N,+O, ambient. Furthermore, no evidence of
emission was observed from the corresponding devices, in-
dicating that the presence of nitrogen during growth was
crucial to the luminescent mechanism.

(a)

S

FIG. 6. (a) 0.2 mm? area diode fabricated on a high resistivity area of the
Zn0/n~-Si(111) wafer. (b) Luminescent centers found in the same diode at
=30 V (21 mA).
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FIG. 7. (Color online) I-V characteristics of 0.25 mm? area ZnO/Si diodes
fabricated on n~-Si(100), n~-Si(111), and n*-Si(100) substrates.

V. I-V CHARACTERISTICS

The results of the I-V characterization for each substrate
are illustrated in Fig. 7. Resistive substrates show a strong
rectifying behavior with more than three orders of magnitude
contrast between the current delivered at 5 and —5 V. A
remarkable difference is noticeable between the curves ob-
tained on n~-Si(100) and n~-Si(111) substrates. As expected
from a regular p-n junction, the former presents high current
levels at positive bias and low current levels at negative bias.
In contrast, the ZnO/Si(111) devices present high current lev-
els at negative bias and low current levels at positive bias.
Since the contacts were proved to be Ohmic to ZnO and Si
materials, the origin of this inverted behavior seems to be
related to the different interface properties in such substrate
orientation. In contrast, the measurement on a highly con-
ductive Si(100) substrate yields a slight rectifying behavior
with the same polarity as the n™-Si(100) substrate but with
four orders of magnitude more leakage. Furthermore, devices
fabricated on this type of substrate showed emission under
positive and negative biases as a result of the high leakage
currents in these diodes.

The band diagram of the heterojunction provides some
insight into this behavior. The Anderson model'® gives a con-
duction band offset for such structures of AE.=xz.0— Xsi
=0.29 eV, and a valence band offset of AEy=E, 7,0—E,;
+AE =2.54 ev 1012 Figure 8 illustrates the band diagram
resulting from this model after using the finite element
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FIG. 8. (Color online) Band diagram of ZnO/Si heterojunction diodes de-
rived from the Anderson model.
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TABLE 1. Extracted diode parameters for ZnO/Si heterojunction diodes
fabricated on n~-Si(100). (s) and As represent the average value and the
standard deviation, respectively.

(s) As
R, (Q) 50 21
&y (eV) 1.7 0.1
n 2.2 0.1

method to solve the Poisson equation. Doping levels of 8
X 10" and 3.8 X 10" cm™ were assumed for ZnO and Si,
respectively. Due to the lower doping level, the voltage drop
in the Si is significantly higher than the one in the ZnO, and
increases with negative bias. The diagram shows a type-II
alignment between Si and ZnO with a potential barrier for
electrons formed by the conduction band offset. The elec-
trons have to overcome this barrier in their flow from the
ZnO to the Si at negative bias. It should be noted that the
Anderson model assumes a perfectly abrupt interface, i.e.,
free of any intermixing between materials, and that no inter-
face states are present.

The schematic band diagram predicts a similar behavior
to that of metal-semiconductor Schottky barrier contacts and
accounts for the current blocking properties of the diodes
fabricated on n~-Si(100) substrates. Assuming a thermoionic
emission model, the parameters of the diode fabricated on
that substrate can be extracted.”” A plot of d(V)/d(In J) ver-
sus J will give R A as the slope at high current levels, where
J is the current density, R; is the series resistance, and A is
the effective area of the diode. The intercept with the y-axis
of the same plot gives nk7/q, where n is the ideality factor,
q is the electronic charge, k is the Boltzmann constant, and T
is the absolute temperature. To evaluate the barrier height
(¢pg) of the diode, we can define the function H(J) as

H(J) =V — (nkT/q)In(JIA**T?), (1)

where A* is the Richardson constant. A plot of H(J) versus
J will also give a straight line with y-axis intercept equal to
neg. The R,, ¢y, and n calculated from the experimental data
are shown in Table I. The measured barrier height is much
larger than the band offset determined from the Anderson
model. This result seems consistent with the existence of an
interface layer with semi-insulating properties. This layer
might act as a carrier blocking layer and would be respon-
sible of the apparent discrepancy. Indeed, the high ideality
factor (n>2) suggests that anomalous mechanisms are in-
volved in the electron transport through the junction.

The -V characteristic for heavily doped silicon can be
also explained within this framework. The tunneling current
through the potential barrier becomes the dominant transport
process, which is consistent with the high doping level. Con-
sequently, the leakage increases orders of magnitude over the
reverse current found for the n™-type substrate. The fitting to
the /-V curve yields an effective barrier height of 0.61 eV.

With an inverted I-V curve, the devices fabricated on
Si(111) do not fit the proposed model. It is known that the
band offsets in heterovalent semiconductor heterojunctions
depend on the atomic structure of the interface: orientation,
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FIG. 9. Conduction band diagram of a ZnO/Si heterojunction with negative
conduction band offset.

abruptness, and relaxation.” Thus, it is likely that the result-
ing conduction band offset between ZnO and Si depends on
the substrate orientation and interface properties. In particu-
lar, a negative band offset would lead to a type-I heterojunc-
tion, whose potential barrier at the interface would have an
opposite behavior to that found above. Figure 9 shows the
conduction band diagram obtained when a conduction band
offset of —0.3 eV is assumed. Under negative voltages, the
electrons can flow freely from the ZnO to the Si. However, at
positive biases, the electrons flowing from the Si must over-
come the barrier at the interface, which limits the total cur-
rent density at those voltages. Therefore, a negative band
offset is a possible explanation for the inverted /-V charac-
teristic of the diodes fabricated on Si(111).

VI. RBS

Figure 10(a) shows the experimental data obtained from
RBS characterization. The Zn distribution results in a broad-
band signal at high-energies separated from the rest of the
elements. Si and O signals overlap in the low-energy range
of the spectrum.

Two target models were compared within the analysis:
the first model consisted of a rough ZnO layer on a Si sub-
strate (model 1); in the second model, a thin Zn—O-Si inter-
mixed layer was added between ZnO and Si (model 2). The
fitting curve and the chi-square (x?) test show a better agree-
ment for model 2, due to a better fitting of the low-energy
tail of the Zn band and the onset of the Si signal [Fig. 10(b)].
Table II shows the fitting parameters obtained for models 1
and 2. Despite the improved fitting, the Si signal cut-off still
presents a longer tail than the simulated spectrum. This de-
parture is caused by the preferential diffusion of Si into ZnO.
The Zn—O-Si interlayer could reasonably account for this
effect near the interface but fails to account for a nonuniform
distribution of Si in ZnO as the ion energy increases. Assum-
ing that the atomic density in the Zn—O-Si interlayer is the
same as in ZnO (5.675 g/cm?), and that the stoichiometry of
the compound formed is Zn,0O,Si, (x=0.25, y=0.5) as ob-
tained in the fitting, a 63 nm thickness was estimated for this
layer within the model 2. The non-negligible thickness and
the high Si concentration found in this interlayer (48.6%)
clearly alter the electrical properties of the ZnO side of the
junction and might explain the semi-insulating properties of
the interface found in the electrical characterization.
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FIG. 10. (Color online) (a) RBS spectrum of a ZnO/n™-Si(100) sample.
Solid lines represent the fitting results for model 1 and model 2, respec-
tively. The calculated errors (x?) for each model are shown in the legend. (b)
Zoom out of the region between Zn and Si signals.

Vil. JUNCTION CAPACITANCE

The junction formed on resistive substrates is strongly
asymmetrical: the depletion region width in the silicon is
much larger than in the ZnO. Therefore, the capacitance (C)
must be approximately equal to C(V)=gg;/W, where &g; is
the silicon dielectric constant and W is the total depletion
width. At reverse biases, the capacitance is independent of
the frequency used, as shown in Fig. 11(a). However, at posi-
tive biases, for which electrons from the Si accumulate near
the interface, there is a significant reduction in the capaci-
tance with increasing frequency. Moreover, conductance
rises considerably in this range of voltages. The strong re-
duction in capacitance with frequency is attributed to charges
trapped at the interface, which cannot follow the AC signal at

TABLE II. Fitting parameters obtained for model 1 (ZnO/Si) and model 2
(ZnO/Zn-0-Si/Si). Thickness and roughness values are given in
X 10" atoms cm™2 units.

Layer 1 Layer 2 Layer 3
Model 1 Thickness 7805 o
Roughness 827 :
Zn (%) 47.2 0
Si (%) 0 100
O (%) 52.8 0
Model 2 Thickness 7181 628 o
Roughness 759 24
Zn (%) 47.0 24.8 0
Si (%) 0 48.6 100
O (%) 53.0 26.6 0
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FIG. 11. (Color online) (a) C-V curves of a diode fabricated on a n=-Si(100)
substrate at different frequencies. (b) Capacitance vs frequency.

high frequencies due to the relatively slow trapping and gen-
eration processes at deep centers. From the capacitance-
frequency (C-f) measurements performed at zero bias, a cut-
off frequency of 13.2 KHz was found—equivalent to a
12 ws time constant [Fig. 11(b)]. Therefore, taking into ac-
count that these centers will dominate the capacitance behav-
ior at low frequencies in the range of voltages at which light
emission occurs, they are believed to play an important role
in the mechanism of light emission.

The 1/C?-V characteristic was linear at negative biases
and quite independent of the frequency used in the 100 Hz—-1
MHz range. From the 1/C2-V characteristic, a charge density
of 3.7X 10" cm™ consistent with the silicon resistivity was
obtained (Fig. 12).*! The built-in voltage (V;;) was calculated
from the intercept at 1/C?=0, yielding a value of 0.31 V.
Ignoring the potential drop in the highly doped ZnO and the
potential drop at the interface, which mainly depends on the
resistivity of the intermixed layer, this built-in voltage would
represent the potential drop in the silicon. Therefore, the con-
duction band offset (AE,) can be calculated from the inter-
cept voltage as follows. Assuming that the difference be-
tween the conduction band and the Fermi level is negligible

Exp.
- - -~ Fitting

~

O 2x10” |

- | Np=3.7x1014 cm™3
Vpi=0.31 eV

[ 1KHz
0 1

-5 -4 . -3 -2 El 0 . 1
Bias (V)

FIG. 12. Solid line: 1/C? vs bias voltage at a 1 KHz frequency. Dashed line:
linear fitting. The calculated values for Np and Vy; are included in the graph.
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FIG. 13. (Color online) (a) C-V curves measured at 1 KHz in a diode
fabricated on n™-Si(100) in darkness and in ambient light. (b) Photocapaci-
tance obtained at —2 V and 1 KHz frequency.

in the ZnO, the band offset is given by g(Vy+ ¢, s;), where
¢,.5i=(kT/q)In(N./Np) and represents the position of the
Fermi level with respect to the conduction band in the Si; N,
and Np are the density of states in the conduction band and
the dopant density in the silicon substrate, respectively. The
calculation of the band offset yields a value of AE,
=0.60 eV, which is about twice the value predicted by the
Anderson rule. However, the barrier height obtained from the
I-V characteristic is somewhat higher due to the additional
voltage drop in the intermixed layer.

In order to study the behavior of the junction under illu-
mination, C-V measurements were also performed in ambi-
ent light at a frequency of 1 KHz. The C-V characteristic
obtained is compared with the curve in darkness in Fig.
13(a). Exposure to the ambient light was observed to en-
hance the capacitance at reverse biases. This is a direct con-
sequence of the photogeneration of free carriers in the deple-
tion region and the partial screening of the electric field,
which lead to the effective narrowing of the depletion region.
Photocapacitance (AC) is defined as the difference between
the capacitance under illumination and the capacitance in
darkness. Figure 13(b) shows AC as a function of wave-
length. Due to the large absorption coefficient in the ZnO,
which prevents light from reaching the interface with the
substrate, photons with wavelengths below 375 nm are
mainly absorbed in the top layer, producing no change in the
device capacitance. Thus, starting from zero at about 375
nm, the photocapacitance smoothly rises as the wavelength
increases, reaching a plateau around 500 nm. In this region,
the transparency of the ZnO layer enables the light with
those wavelengths to go through the ZnO layer and illumi-
nate the underlying Si. The absorbed light gives rise to the
optical generation of free carriers and subsequent depletion
region narrowing, which increases the device capacitance. A
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similar photocapacitance spectrum has been reported in
n-ZnO/p-Si heterojunctions under negative voltages,22 which
again shows the similar performance of bipolar and unipolar
devices.

VIIl. CONCLUSIONS

In conclusion, ZnO thin films were grown on n~-Si(100),
n*-Si(100), and n~-Si(111) substrates by PLD for the study
of ZnO/Si electroluminescent diodes. The EL was observable
for currents over 1 mA and emanated from discrete spots.
Localization of the EL around the electrodes in more resis-
tive samples suggested that the ZnO layer plays the role of a
current spreading layer. Experiments on samples grown in
the absence of nitrogen showed no light emission. The spec-
tral analysis revealed a broadband EL with a main peak
around 600 nm and a small peak at the ZnO NBE.

ZnO/Si diodes exhibited rectifying I-V curves whose po-
larization depended on the substrate orientation. ZnO/Si(100)
diodes behaved as type-II heterojunctions, whereas ZnO/
Si(111) behaved as type-I heterojunctions. Highly doped sub-
strates yielded high leakage currents due to the tunneling
contribution through the interface barrier. RBS characteriza-
tion demonstrated the existence of an intermixed region at
the interface with preferential diffusion of Si toward the ZnO
layer.

Junction capacitance was highly dependent on frequency
under carrier accumulation near the interface and it was sen-
sitive to radiation with photons of lower energy than the ZnO
bandgap.
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