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Photoresponse of n-type indium-doped ZnO and a p-type polymer (PEDOT:PSS) heterojunction
devices are studied, juxtaposed with the photoluminescence of the In-ZnO samples. In addition to
the expected photoresponse in the ultraviolet, the heterojunctions exhibit significant photoresponse
to the visible (532 nm). However, neither the doped ZnO nor PEDOT:PSS individually show any
photoresponse to visible light. The sub-bandgap photoresponse of the heterojunction originates
from visible photon mediated e-h generation between the In-ZnO valence band and localized states
lying within the band gap. Though increased doping of In-ZnO has limited effect on the
photoluminescence, it significantly diminishes the photoresponse. The study indicates that
optimally doped devices are promising for the detection of wavelengths in selected windows in the

visible. © 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4704655]

ZnO-based inorganic/organic hybrid heterostructures
comprise a topical case in point where many studies have
addressed UV detection and photovoltaic applications.' ™
While bare ZnO in various forms has been shown to the
detect UV (Refs. 7 and 8) as well as white light,” heterojunc-
tions offer significant advantages in terms of the wavelength
selectivity and an improved response time of detection.
Recent studies on n-Si/ZnO (Ref. 2) and n-ZnO/p-Si (Ref. 5)
hybrid structures have shown bias polarity dependent UV
and visible light detection and those on n-Si/p-ZnO (Ref. 6)
junctions showed sensitivity without applied bias. In all
cases, the final device sensitivity and selectivity are strongly
influenced by the properties of the non ZnO component, i.e.,
the p-type component for an n-type ZnO sample. Poly(3,4-
ethylenedioxythiophene):poly (styrenesulfonate) (PEDOT:
PSS) is one such p-type conducting polymer with great
potential in organic electronics.'®'? Pioneering studies have
already shown the possibilities of ZnO/PEDOT:PSS hybrid
structures in opto-electronic applications, especially as light
emitting diodes'*™'® and UV detectors;'” low temperature
fabrication capability being an added attraction. In this letter,
we report on the fabrication and the photoresponse (PR) of
n-type In doped ZnO (IZO) and PEDOT:PSS thin film heter-
ojunctions. In addition to the expected UV PR, correspond-
ing to ZnO interband excitations, the heterojunctions exhibit
significant PR to sub band gap excitation (to visible light at
532 nm). While the heterojunctions are UV active and visible
blind under forward bias (FB); under reverse bias (RB), they
have shown selective response to both the UV and visible.
Interestingly, the present study also shows that neither bare
IZO nor PEDOT:PSS individually exhibit any detectable PR
to the visible but combined, the hybrid structure becomes
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visible sensitive. The PR to the visible is discussed with ref-
erence to the photoluminescence (PL) of the n-type IZO; spe-
cifically, the green emission band (500-600nm) that is
attributed to radiative recombination processes between ion-
ized oxygen vacancy states'®?? and the valence band (VB).
Our results would suggest that the inverse process, where
visible photons excite VB electrons to the localized interme-
diate states is responsible for the observed PR. The selective
increase in the VB hole density (the excited electrons being
localized in the vacancy states) in conjunction with the ab-
sence of PR in bare IZO suggest that the p-n junction is
essential to elicit a strong visible PR from IZO. Notably, in
contrast to previous reports of visible wavelength detection,
with doped ZnO heterojunctions, the visible PR reported
here originates from absorption and e-h generation in the
ZnO itself rather than in the accompanying p or n-type com-
ponent.”>° The PR and its dependence on doping concentra-
tion is further discussed in the context of an optimally doped
ZnO/PEDOT:PSS visible detector.

100 nm thick films of In doped (1% and 3% by weight)
ZnO were deposited on SiO,/Si substrates by pulsed laser
deposition with an O, partial pressure of 100 mTorr and
400 °C substrate temperature. As-deposited films were char-
acterized by x-ray diffraction (XRD) (Bruker D8) and atomic
force microscopy (Veeco Dimension). A 337.5nm N, laser
(Stanford Research Systems NL100) was used for excitation
to record the PL spectra via a spectrograph fitted with a CCD
camera (Acton Spectra Pro-275). The samples were further
processed to fabricate multiple heterojunction devices;
results from two such devices, D1 (1% doped) and D2 (3%
doped), are presented here. Nominally ohmic contacts to the
IZO were obtained by thermal evaporation of Al through a
shadow mask. p-type PEDOT:PSS (Sigma Aldrich) was then
spin coated onto the rest of the exposed IZO film to form the
heterojunctions (Fig. 1(d)). Electrical contacts attached to
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FIG. 1. (a) XRD on bare ZnO and 1% and 3% IZO films. AFM topography
of (b) 1% and (¢) 3% IZO films. (d) Schematic of the heterojunction
devices.

the Al pad and to the polymer with Ag paint were used for
current voltage (/V) measurements, conducted by sourcing a
constant current and measuring the voltage in the four probe
configuration. The IVs were collected upon excitation with
two wavelengths 4; =360nm (3.4eV), 60 mW from a Xe
arc lamp with bandpass filter of width 10nm and
/> =532.5nm (2.3¢eV), 35 mW from a laser.

Analysis of the XRD patterns for the as-grown IZO
films (Fig. 1(a)) shows preferentially (002) orientated growth
perpendicular to the substrate,>** exhibiting the characteris-
tic wurtzite structure and well matched lattice parameters for
ZnO. Grain size calculation estimates 34nm and 20nm
grains for 1% and 3% doped 1ZO, respectively. Atomic force
microscope images (Figs. 1(b) and 1(c)) indicate that SiO,-
1Z0 lattice mismatch leads to 3D island growth, with an av-
erage grain size of 40nm and 25nm for 1% and 3% IZO,
respectively.

Figure 2 shows the room temperature PL spectra from
the bare IZO films. The ZnO interband transition is evident
at 390nm (~3.2eV) for both samples, along with a broad
green emission. Spectral decomposition of the green emis-
sion of both samples reveals two components C; and C, cen-
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FIG. 2. Photoluminescence of the 1% and 3% indium doped ZnO films.
Components C; (527 nm) and C, (570 nm) and envelopes are shown for both.
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tered at 527 nm (2.35eV) and 570 nm (2.17 eV). The notable
difference between the samples is the relative strength of C,;
and C,, the ratios of which are 1.1 and 1.6 for the 1% and
3% IZO, respectively. As discussed in the literature, the ori-
gin of C; and C, emissions are ascribed to singly (Vo") and
doubly (Vo) ionized oxygen vacancy states in ZnO,'8%2
with their relative strengths reflecting the relative abundance
of the two ionization states.
Figure 3(a) shows a schematic of the suggested emis-
. processes leading to the green components in the
PL spectra. Within the bulk of the grains, the oxygen vacan-
cies exist in the V' state; however band bending induced at
the grain boundaries creates an electron deficient depletion
region and the Vo states therein are converted to Vo'
states by capturing surface trapped holes.'®* As observed
by Ye et al Ha strong correlation exists between the relative
strength of C; and C, and their depletion region volume frac-
tion, decided primarily by carrier concentration and grain
size. The depletion width being inversely proportional to do-
nor density (carrier density)”' indicates that a higher carrier
density results in a thinner depletion region, thus a smaller
fraction of Vo™ states. Consequently, the higher doped and
more conducting 3% film exhibits a weaker C, component as
compared to the lower doped and less conducting 1% IZO
(the conductance of the two films are evidenced in Figure 1,
supplementary material®®).

IV characteristics for devices D1 and D2 (Fig. 3(c))
were recorded under dark conditions and under illumination
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FIG. 3. (a) ZnO band diagram depicting origin of C; and C, emissions;
dashed/solid arrows indicate non-radiative/radiative processes. E.: conduc-
tion band, E,: valence band, Eg: Fermi level. (b) Unbiased band structure of
IZO/PEDOT:PSS heterojunction (Refs. 26 and 27) also showing photo exci-
tation with Z,. (c) IV spectra for 1% 1ZO/PEDOT:PSS heterojunctions in
dark and with A4, =360nm and A, =1532nm illumination. Inset shows IV
spectra for the 3% device.
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at A, =360 nm (also see Figure 2 supplementary material*®)
and 1, =532nm. Note, the visible excitation A, at 532 nm
(2.33eV) was specifically chosen to close to the peak energy
of the C1 component of the PL spectra, reflecting the energy
difference between the valence band edge and Vo™ state in
1ZO. The FB dark /Vs were fitted using the standard Richard-
son diode equation to calculate the saturation current density
(Jy), ideality factor (n), and a junction barrier activation
energy (¢). Values obtained for D1 were J; ~ 1.3 x 1073
Alem? n ~ 2.9, and ¢ ~ 610meV. While the value of ¢ is
comparable to existing reports of similar devices,*** the
value of n indicates that the device is closer to ideal than ear-
lier reports. For DI, the A; illuminated /V characteristics
show an increase in junction conductivity for both bias polar-
ities, though the increase in RB is significantly larger than
that for FB. For |[V| > 1V in RB, more than 400% increase
in current is observed, in contrast to typically 30% increase
for FB. With A, illumination under FB, D1 shows negligible
PR. However, at —1 V RB ~300% increase in current is
detected, a response comparable to the UV (4;) PR seen ear-
lier. The response weakens beyond —1 V. The 3% IZO de-
vice, D2 exhibits enhanced conductivity compared to DI,
reflected in the higher currents observed for similar voltages
(Fig. 3(c), inset). The calculated barrier activation energy
and ideality factor from the dark /V are 675meV and 2.0,
respectively. As for D1, D2 is visible-blind under FB but
retains a UV response. The RB PR, for D2, at 4; and 4, exci-
tation is highly diminished though detectable.

The observed PR (IVs) can be explained on the basis of
the suggested band diagram of IZO/PEDOT:PSS heterojunc-
tion (Fig. 3(b))."*?' The heterojunction consists of a n-type
component with 3.2 eV band gap (ZnO valence and conduc-
tion band edges at 7.6 and 4.4 eV, respectively?*?’) and the
p-type component with the PEDOT HOMO at 5.2 ev."
Upon formation of the heterojunction, band bending within
the positively charged depletion region created in IZO (Refs.
4 and 17) leads to accommodation of discontinuities in the
conduction and valence band edges (at the interface) as band
offsets AEc and AEy;, respectively.28 In the context of 1ZO,
the above would also be accompanied by conversion of Vo "
to Vo' states, therein.?’ Under FB, the barrier potential
gradient diminishes allowing thermally excited electrons in
IZO and holes in PEDOT:PSS to cross the barrier and gener-
ate current. The majority electron current would be adversely
affected by the presence of the added barrier AEc. Similarly,
the hole current would encounter a 2.4eV barrier for hole
injection from the PEDOT HOMO to the ZnO valence band
edge.'* When illuminated with A, e-h pairs are selectively
created in the IZO conduction and valence band, resulting in
higher carrier density generating photo current.

Our investigations show that PEDOT:PSS shows no PR
to either A, or A, illumination. Interestingly, bare IZO (con-
tacted with Al electrodes) shows PR to /J; excitation but
none for J,. (See Figs. 1 and 3 in supplementary material).
This symmetric Al-IZO-Al device comprises two back to
back Schottky junctions, with one junction in FB the other in
RB. Upon /, illumination, electrons are excited from the
1Z0 valence band to the intermediate vacancy states Vo),
the former hosting the holes. These carriers then must drift
in opposite directions, towards the junctions (Al contacts) in

Appl. Phys. Lett. 100, 162104 (2012)

order to contribute to the current. The excited electrons, con-
fined to the narrow intermediate band with negligible mobil-
ity, would contribute little to the overall current. Schottky
junctions are primarily majority carrier devices in sharp con-
trast to a p-n junction.”® Hole conduction in a n-type
semiconductor-metal Schottky junction is restricted to
recombination processes with electrons, especially those
from the conduction band (either excited or injected from the
metal) and is masked by the dominant electron thermionic
emission and tunneling channels. Since the /4, excitation
does not alter the conduction band electron population in
1ZO, the overall current is negligibly affected by the VB
hole generation. The low hole mobility (10 cm?/Vs), small
diffusion length (50 nm), and small life time?? (10-50 ns) fur-
ther compromises the hole conduction contribution. Conse-
quently, bare IZO (Al-ZnO-Al) shows no detectable PR
under A, illumination. When the IZO/PEDOT:PSS hetero-
junctions are exposed to A, excitation under FB, holes are
again generated in the IZO VB with the electrons excited to
the oxygen vacancy state. Here though a small PR is detected
(Figure 3(c)), because the minority carrier current plays a
more significant role in electrical transport across p-n junc-
tions (i.e., larger contribution to the total current) as com-
pared to its Schottky counterpart.

For the heterojunction devices under RB, the depletion
width increases with increasing bias, accompanied by an
increasing fraction of Vo' states. The minority carrier den-
sity, i.e., holes in IZO, responsible for conduction under RB
increases significantly with both 4; and 4, illumination.
Owing to the strong electric field within the depletion region,
photo generated e-h pairs therein are strongly pulled apart
making them the primary contributors to the photo current.
Consequently, PR increases monotonically with increasing
RB. For /, illumination, not only is the VB hole density
increased additionally, the lifetime of these carriers are lon-
ger'??® compared to e-h pairs created by /, excitation; thus
benefiting the conduction process and increasing PR.

The study also shows that the devices have negligible
PR in the wavelength window 400-500 nm. Further, in RB,
the device D1 shows a larger PR compared to D2, the latter
harboring the higher doped and more conducting IZO. The
increased doping results in a higher free carrier concentration
and would imply a thinner depletion region at the p-n junc-
tion adversely affecting the quantum efficiency”® of the de-
vice leading to a lower PR.

To conclude, the laser ablated IZO films depicted good
crystallanity and surface morphology with the photolumines-
cence spectra indicating the presence of localized intermedi-
ate states within the ZnO band gap, identified with singly
and doubly ionized oxygen vacancy states. The presence of
the intermediate states was harnessed to fabricate a visible
range photo detector by creating an optimally doped
PEDOT:PSS/IZO (1%) p-n junction that responds to visible
range excitation at 532 nm, matching the energy gap between
the valence band and intermediate states. The PR of the de-
vice was quantified by measuring their /V characteristics,
which shows a significant PR with visible excitation that is
comparable to the UV photoresponse. In contrast to previous
reports of visible detection with ZnO heterojunctions, the
photoresponse in the visible is elicited from e-/ generation
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in the ZnO rather than its counterpart. The heterojunction
with 1% IZO depicted better PR compared with that of 3%
doping. The resulting device shows selective PR for wave-
lengths below 400 nm and above 500 nm with negligible PR
in between, displaying its potential as a wavelength selective
detector.
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