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ABSTRACT: Ultraviolet (UV) photodetectors based on
heterojunctions of conventional (Ge, Si, and GaAs) and
wide bandgap semiconductors have been recently demon-
strated, but achieving high UV sensitivity and visible-blind
photodetection still remains a challenge. Here, we utilized a
semitransparent film of p-type semiconducting single-walled
carbon nanotubes (SC-SWNTs) with an energy gap of 0.68 +
0.07 eV in combination with a molecular beam epitaxy grown
n-ZnO layer to build a vertical p-SC-SWNT/n-ZnO

SC-SWNTs z00

heterojunction-based UV photodetector. The resulting device shows a current rectification ratio of 10°, a current
photoresponsivity up to 400 A/W in the UV spectral range from 370 to 230 nm, and a low dark current. The detector is
practically visible-blind with the UV-to-visible photoresponsivity ratio of 10° due to extremely short photocarrier lifetimes in the
one-dimensional SWNTSs because of strong electron—phonon interactions leading to exciton formation. In this vertical
configuration, UV radiation penetrates the top semitransparent SC-SWNT layer with low losses (10—20%) and excites
photocarriers within the n-ZnO layer in close proximity to the p-SC-SWNT/n-ZnO interface, where electron—hole pairs are
efficiently separated by a high built-in electric field associated with the heterojunction.
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1. INTRODUCTION

Single-walled carbon nanotubes (SWNTs) possess a unique
combination of electrical and optical properties, originating
from their one-dimensional (1D) structure, such as being
metallic (MT) or semiconducting (SC) depending on their
diameter and chirality." Thin films of SWNTs can be prepared
by a variety of techniques using scalable and manufacture-
friendly solution-based processes, which are cost effective
because of microgram quantities of SWNTs needed for large-
area applications,” " and with the choice of being made
selectively of MT- or SC-SWNTs,” they provide a platform for
development of a wide range of electronic and photonic
applications, for example, large-area transparent conducting
electrodes for touch screen displays, solar cells, light-emitting
diodes (LEDs), and smart windows.”**™® The bandgap of
typical SC-SWNTs falls in the range of 0.6—1.2 eV, matching
the bandgaps of conventional semiconductors such as Ge, Si, or
GaAs. Patterning of SWNT thin films utilizing conventional
lithography in combination with chemical and electrostatic
doping of p- and n-types allowed to demonstrate all-SWNT
thin film-based logical integrated circuits,'”'" infrared photo-
detectors, and electrochromic devices with different functions
performed by MT- and SC-SWNT counterparts.">~"” The
combination of SWNT thin films with conventional semi-
conductors resulted in the demonstration of high-performance
vertical field-effect transistors and solar cells.”*

-4 ACS Publications  © 2017 American Chemical Society

37094

ZnO is a wide bandgap semiconductor with a direct bandgap
of 3.37 eV matching the spectral range desired for solid-state
ultraviolet (UV) photodetectors for civil and military
applications such as flame detection, UV-level monitoring for
public health, intersatellite communication, early-warning
missile detection, and engine flame control.'® " Schottky
barrier types of ZnO photodetectors have some advantages
over bulk ZnO photoconductors because of the built-in electric
field efficiently separating the photoexcited electron—hole pairs
before they recombine, and the performance of such devices
has been improved by introducing an interdigitated electrode
c0nﬁgurati0n.21_26 p—n homojunction photodiodes are also
utilized to generate a built-in electric field, but in the case of
ZnO, this option is limited as a reliable growth technique for p-
type ZnO is still under development.”””’™** The closest
alternative to the ZnO p—n junction photodetector is a
heterojunction device in which n-type ZnO is combined with a
p-type conventional semiconductor, typically of a smaller
bandgap, such as Si, Ge, or GaAs>'™* Such a heterojunction
was shown to provide a high built-in electric field sufficient for
the separation of photogenerated electrons and holes and a
satisfactory photodetector performance, but an additional
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Figure 1. (a) Schematic of the vertical p-SC-SWNT/n-ZnO heterojunction; (b) structure of the lateral In—ZnO—In device; (c) I-V curves of the p-
SC-SWNT/n-ZnO heterojunction before (dashed line) and after (solid line) hydrogen peroxide treatment; and (d) I-V curves of the lateral In—

ZnO—In device.
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Figure 2. (a) Schematic of the p-SC-SWNTs/n-ZnO heterojunction under UV irradiation. I-V curves of the (b) SC-SWNT/ZnO heterojunction,
(¢) lateral In—ZnO—In device, and (d) lateral In—~SWNT—In device in the dark (black solid curves) and under UV (370 nm, 3 4W/cm?) irradiation

(red dashed curves).

interface layer was needed to preclude unwanted visible spectral
range sensitivity.34 In addition to bulk ZnO layers, nano-
structured forms of ZnO, such as nanoparticles and nanowires,
have been explored,”™* showing improved performance in
terms of higher UV responsivity,37’3’8’41’43’45’46 and in some
cases, faster response time, >~ #> #4647 Despite these recent
advances, inorganic wide bandgap semiconductor-based UV
photodetectors with visible blindness and fast response times
still dominate the commercial market. Nevertheless, these
photodetectors have a relatively low responsivity of ~0.1 A/W.
Thus, it is necessary to develop optimized device structures by
the integration of a variety of new nanostructured materials for
all-round competitiveness in the performance and manufactur-
ability in the UV photodetector market.

In this paper, we used a highly transparent film of SC-
SWNTs in place of a conventional semiconductor to build a
vertical p-SC-SWNT/n-ZnO heterojunction, with a high
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current rectification ratio, capable of performing as a visible-
blind UV photodetector with a high responsivity and low dark
current. In this vertical configuration, UV radiation penetrates
the top semitransparent SC-SWNT layer with low losses (10—
20%) and excites the photocarriers within the n-ZnO layer in
close proximity to the p-SWNT/n-ZnO interface where
electron—hole pairs are efficiently separated by the high built-
in electric field associated with the heterojunction.

2. RESULTS AND DISCUSSION

A schematic of the vertical p-SC-SWNT/n-ZnO heterojunction
device is presented in Figure la. An n-type ZnO layer of 400
nm was grown on the c-sapphire substrate by the molecular
beam epitaxy (MBE) technique (see Experimental Section for
details).”***

For this study, we utilized 99% SC-SWNTs of large diameter
(1.5 = 0.1 nm). We used the energy value of 0.68 eV
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Figure 3. (a) Schematic of position-dependent photocurrent measurements across the width of the p-SC-SWNT/n-ZnO heterojunction device and
(b) corresponding photocurrent measurements as a function of the position across the device at a reverse bias of —2 V. (c) Schematic of position-
dependent photocurrent measurements along the length of the p-SC-SWNT/n-ZnO heterojunction device and (d) corresponding photocurrent
measurements as a function of the position along the device at a reverse bias of —2 V. Horizontal error bars in (b,d) show a spatial resolution

corresponding to the width of the slit diaphragm.

corresponding to the position of the maximum of the optical
absorption in the lowest S, absorption band (Figure S1) as the
average bandgap for these SC-SWNTs. The width of the S,
absorption band at the half-maximum of absorption also gives
the width of the bandgap distribution of +0.07 eV for the
ensemble of the SC-SWNTs. A rectangular fragment of the
semitransparent SC-SWNT film with an effective thickness of
25 nm, length of 2 mm, and width of 1.2 mm was transferred
on the ZnO layer. Prior to the SWNT film transfer, the ZnO
layer was pretreated with hydrogen peroxide to tune the band
bending and the conduction band offset at the p-SC-SWNT/n-
ZnO interface.””"” ™" Two indium electrodes were deposited
to complete the device fabrication: one electrode provides
electrical contact to the top SC-SWNT film layer (just outside
the ZnO layer), and the second electrode addresses the bottom
ZnO layer just outside the SC-SWNT film. This configuration
carries some lateral motif as the charge carriers travel in a lateral
direction along the SWNT thin film and ZnO layer before
entering or exiting the vertical heterojunction. However, as we
show below, the voltage drop associated with such a lateral
current is several orders of magnitude smaller than the voltage
drop across the heterojunction when it is reverse-biased, hence,
it effectively acts as a vertical heterojunction. For comparison, a
lateral n-ZnO device of the same area with two indium
electrodes, as shown in Figure 1b, was investigated.

Figure lc shows the I—V characteristics of p-SC-SWNT/n-
ZnO heterojunction devices with and without hydrogen
peroxide pretreatment of the ZnO surface. Without the
pretreatment, no significant rectification was observed, whereas
the device with the pretreated ZnO surface showed a significant
degree of rectification of about 10* at +2.0 V. By contrast, the
lateral ZnO device with the pretreated ZnO surface layer shows
a linear I-V curve (Figure 1d) corresponding to ohmic In—
ZnO contacts and a lateral resistance of the ZnO layer of 7 X
10° Q. Additional measurements provide a value of lateral
resistance of the SC-SWNT film of ~20 k€2, as shown below. It
should be noted that in any vertical optoelectronic device, the
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lateral travel of the carriers is inevitable, independent of the
nature of the top transparent conducting electrode, but the
resistance and voltage drop associated with such a lateral
current should be minimized. Both lateral resistances are orders
of magnitude smaller than the total resistance of the device of
10° Q at a negative bias of —2.0 V, which is dominated by the
resistance of the heterojunction, thus supporting the earlier
statement of functionally dominating vertical motif of the
device architecture.

Figure 2a presents the sketch of the heterojunction device
under UV illumination, and Figure 2b shows the I-V curves of
the p-SC-SWNT/n-ZnO heterojunction device in the dark and
under illumination from an ultraviolet LED (central wavelength
A =370 nm) of an incident light intensity of 3 yW/cm* (power
P =75 nW).

Multiple p-SC-SWNT/n-ZnO heterojunction devices were
prepared following the procedure described above, showing a
similar dark rectification of the I-V curve and a similar
photoresponse to UV irradiation (Figure S2). At a negative bias
of —2.0 V, the dark current is 2 nA and the photocurrent
approaches 3 pA, which corresponds to a UV photoresponsivity
of 40 A/W. In comparison, the lateral In—ZnO—In device
shows a much lower photoresponsivity of <1 A/W and a much
higher dark current of 120 nA, as shown in Figure 2c. As an
alternative to the vertical architecture, the lateral device can be
improved by introducing a Schottky barrier-type interdigitated
electrode configuration with a higher width-to-length aspect
ratio and a higher photocarrier collection efficiency associated
with a shorter interelectrode distance, with the presence of the
Schottky barrier introducing a high built-in electric field
separating the photoexcited electron—hole pairs at the ZnO—
metal interface.”* > Figure 2d shows the -V characteristics of
a p-SC-SWNT film of the same thickness and lateral
dimensions as the heterojunction device with similar indium
electrodes. These I—V curves are linear, with the slope
corresponding to the value of the lateral resistance of the SC-
SWNT film of ~20 k€2, and no measurable photocurrent was

DOI: 10.1021/acsami.7b07765
ACS Appl. Mater. Interfaces 2017, 9, 37094—37104


http://pubs.acs.org/doi/suppl/10.1021/acsami.7b07765/suppl_file/am7b07765_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.7b07765/suppl_file/am7b07765_si_001.pdf
http://dx.doi.org/10.1021/acsami.7b07765

ACS Applied Materials & Interfaces

Research Article

(a) 3

N
T

Absorbance
-
.
w
134
(2]
H
H
=
']
%X
o

Sy Sy
. ".\‘ “ N\\
W LN

200 300 400 500 1000 1500 2000
Wavelength (nm)

0

(b) 300

N N

(=3 o

o o
T

Sy

100

Responsivity (A/W)
@ @
o o

0fF

200 300 400 500 1000 1500 2000
Wavelength (nm)

Figure 4. (a) UV—vis—NIR absorption spectra of ZnO (blue solid curve) and SC-SWNT thin films (black dashed curve); (b) spectral dependence
of the photoresponsivity of the SC-SWNT/ZnO heterojunction at the incident power of 10 nW (light intensity of 250 nW/cm?) at —2 V bias.

observed under UV illumination. We should note that the
indium electrode would make a Schottky-type contact to the p-
type individual SWNT, and the corresponding I-V curve
would have been nonlinear. However, in the case of the
macroscopic (mm size) SWNT thin film, the total resistance of
the SWNT network is usually dominated by the resistances of
thousands of intertube junctions with negligible contact
resistance between the large-area indium electrode and the
SWNT film (as confirmed by 4-probe measurements), resulting
in the linear I-V curve as shown in Figure 2d.

The presented comparison of the performance of individual
components of the device indicates that the introduction of a
vertical structure with the p-SC-SWNT/n-ZnO heterojunction
provides a significant gain of UV photoresponse in comparison
with utilization of the same n-ZnO UV-sensitive layer in a

lateral configuration. To verify this point, a micrometer-
controlled narrow slit diaphragm of width 200 pm was used to
measure the device photoresponse as a function of the position
of the illumination spot across the width of the device, as
schematically shown in Figure 3a. The scan width includes the
areas of the ZnO layer not coated with the SC-SWNT film (see
positions 1 and S in Figure 3a). The resulted photoresponse
scan is presented in Figure 3b and shows high photocurrent
values of ~1 uA when the UV light (4 = 370 nm) illuminates
the area of the p-SC-SWNT/n-ZnO heterojunction (positions
2—4) and a decrease of photocurrent by 50—100 times when
the UV-irradiated spot moves from the SC-SWNT film to the
adjacent ZnO area (positions 1 and 3).

Another scan was conducted along the length of the device
across the space between indium electrodes, as illustrated in
Figure 3c, and the results of the scan are presented in Figure 3d.
To conduct this scan, the heterojunction device was modified
by increasing the length of the uncovered ZnO layer between
the edge of the SC-SWNT film and the indium electrode from
100 to 500 pm, whereas the length of the heterojunction area in
this device was 700 pm. The scan showed no photoresponse in
the SC-SWNT film area adjacent to the first indium electrode
(position 2), showed a strong photoresponse in the central area
where the ZnO and SWNT layers overlap (positions 3—5), and
a significant drop in the photoresponse in the area adjacent to
the second indium electrode where only the ZnO layer is
present. Thus, to achieve an efficient UV photoresponse, the
photoexcited carriers should be generated in the ZnO layer
covered by the SWNT film in the vicinity of the p-SC-SWNT/
n-ZnO interface.

UV—vis—NIR (ultraviolet—visible—near-infrared) absorption
spectra of the ZnO and SC-SWNT layers and the spectral
dependence of the photoresponse are presented in Figure 4a,b,
respectively. The onset of strong absorption in the ZnO layer
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appears at a wavelength near 380 nm with the absorption
maximum (ABS = 1.8) at 370 nm in agreement with the known
bandgap of ZnO of 3.37 eV.'"*° Absorption of the
semitransparent 25 nm thick film of SC-SWNT is only 0.1 at
370 nm (transmittance of 79%) because of its small thickness
that is sufficient to form the heterojunction and at the same
time to function as a transparent conducting electrode. The UV
absorption averages 0.15 in the range of SWNT z-plasmon
maximum of 220—330 nm. The thickness of the SWNT film
can be further decreased to less than 10 nm (transmittance
>90%) to reduce the loss of UV light intensity. The
characteristic absorption bands S,; and S,, corresponding to
the set of separations between van Hove singularities of 1D SC-
SWNTs appear in the NIR spectral range centered around
wavelengths 1750 and 1000 nm, respectively, with the
maximum of absorption not exceeding a value of 0.1 in the
NIR and visible spectral ranges, as shown in Figures 4a and
S1b.

Figure 4b shows the spectral responsivity of the p-SC-
SWNT/n-ZnO heterojunction device. The onset of photo-
conductivity appears at 380 nm with the photoresponsivity
reaching ~200 A/W at 370 nm and extending from UV-A to
UV-B and UV-C spectral range at least up to a wavelength of
230 nm, the spectral limit of our instrumentation. These
photoresponsivity values are on the high end of the typical
values achieved for UV photodetectors,'* ****"*! however
recently, much higher photoresponsivity values such as 26 000
and 1.7 X 10° A/W were reported for interdigitated Au/ZnO
and ZnO %uantum dot/carbon nanodot-based devices,
respectively.*

In the visible spectral range, the photoresponse drops
practically to zero; more accurate responsivity measurements
utilizing blue (4 = 470 nm), yellow (A = 520 nm), and red (4 =
630 nm) LEDs with the incident power in the range of 1 uW to
0.2 mW were performed. For blue and red LEDs, a measurable
photoresponse was observed, and the resulting responsivities
were evaluated at the level of 107 and 1 X 1075 A/W,
respectively (Figure S3). For the yellow LED, no measurable
photoresponse was observed as the power was limited to 5 gW,
and the level of responsivity not exceeding 4 X 107> A/W was
estimated from the measured noise of the photodetector
current under a reverse bias of —2 V. Thus, we conclude that
the current responsivity in the visible range does not exceed
0.001 A/W, and the UV-to-visible light responsivity ratio
exceeds 10°, making the p-SC-SWNT/n-ZnO heterojunction
photodetector, practically visible-blind. The visible blindness is
an important benefit for the UV photodetector application,
taking into account the high intensity of the background visible
radiation in the typical UV photodetector applications.
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Figure 5. (a) Temporal photoresponse of the p-SC-SWNT/n-ZnO heterojunction device under 370 nm light at a frequency of 0.005 Hz; (b)
frequency dependence of photoresponse under an UV light intensity of 2 #W/cm? (squares); straight lines correspond to the R o f fitting with a =

0.5; (c) temporal photoresponse of the In—ZnO—In lateral device under 370 nm light at a frequency of 0.005 Hz (V,;,

—2V); (d) oscilloscope

traces of photoresponse of the p-SC-SWNT/n-ZnO heterojunction device at 2000 Hz. V;;,, = —2 V for all plots (a—d).
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Figure 6. (a) Photocurrent and (b) photoresponsivity (black squares) and external quantum efficiency (EQE, blue triangles) of the p-SC-SWNT /n-
ZnO heterojunction device as a function of the incident 370 nm light intensity at a reverse bias of —2 V.

It should be noted that graphene is an alternative carbon-
based nanostructured material, which has been utilized as a
transparent conducting electrode for a wide range of
optoelectronic applications, and it can also be n- or p-doped
depending on the application needs.”” Recently, several reports
presented UV photodetectors based on junctions of graphene
with arrays of ZnO nanowires or nanorods, demonstrating high
UV range responsivity up to 113 A/W and millisecond range
response times.””>® However, these graphene-based photo-
detectors are not visible-blind as they show photosensitivity not
only in the UV range but also in the visible and NIR ranges,
which was associated with either continuous spectral absorption
in the gapless graphene or defects in the ZnO and graphene
layers.*>>

Figure Sa presents the temporal photoresponse of the p-SC-
SWNT/n-ZnO heterojunction device to square-wave pulses of
UV radiation of an incident power of 3 4W/cm® generated by
UV LED (4 = 370 nm) electrically modulated at a low
frequency of 0.005 Hz. It shows a relatively fast onset of the
photocurrent followed by a slow approach to saturation with
10—90% rise and decay times of 14 and 23 s, respectively.
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Frequency dependence of the photoresponse is presented in
Figure Sb: it shows decreasing responsivity R with increasing
frequency, which can be fitted to R o« f* dependence, with
exponent @ = 0.5 usually associated with a wide distribution of
lifetimes of the photoexcited carriers in the range of tens of
seconds to milliseconds. For comparison, the temporal
response of the lateral In—ZnO—In device measured under
the same irradiation conditions is presented in Figure Sc. It
shows significant non-zero dark current and ~6 times smaller
amplitude of the current modulation. Corresponding 10—90%
rise and decay times exceed 100 and 600 s, respectively. Thus,
introduction of the SWNT/ZnO heterojunction not only
enhances the amplitude of the photoresponse but also makes it
significantly faster in comparison with the lateral In—ZnO—In
device. In fact, a measurable photoresponse of the SWNT/ZnO
heterojunction device can be observed up to a frequency of
2000 Hz, as can be seen in the oscilloscope traces presented in
Figure 5d.

Figure 6a presents dependences of the photocurrent on the
incident power of the UV radiation at the LED central
wavelength 4 = 370 nm. At the UV light intensity range of 1—
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100 nW/cm? a practically linear relationship between the
photocurrent and incident power is observed, which changes to
a sublinear dependence with a tendency to saturation on further
increase in the incident power. Figure 6b presents the
corresponding photoresponsivity R. At a lower incident UV
light intensity below 100 nW/cm?, the responsivity reaches 400
A/W, which is on the high end of the typical values reported for
UV detectors,"*7>>*~*" although much higher values up to 1.7
X 10° A/W have been reported recently."**

With increasing light intensity above 400 nW/cm? the
photoresponsivity decreases below 100 A/W, but sustains quite
a high value of ~10 A/W at an incident power of a few yW/
cm?. Such a tendency of the photoresponse toward saturation
and the corresponding photoresponsivity decrease with
increasing power indicate an involvement of the trap states in
the mechanism of photoconductivity, as we discuss below.

The EQE of the photodetector can be evaluated at the
wavelength 4 = 370 nm using the following equation

EQE % = XX 1240 o 160
2 (1)

The resulting plot of EQE as a function of the UV light
intensity is presented in Figure 6b and shows a high EQE value
up to 1.0 X 10°%, indicating a high photocurrent gain
associated with long photocarrier lifetimes because of the
efficient separation of photoexcited electrons and holes.

A major figure of merit of the UV photodetector perform-
ance specific detectivity, D¥, is often evaluated on the basis of
quasi-static measurements using the following equation under
the assumption that the noise current is dominated by the shot
noise from the dark current I, of the device®”*%**

L
(26 X Idalrk/A)l/2 (2)

where R is the current responsivity (A/W), e is the electron
charge (1.6 X 107" C), and A is the effective area of the
photodetector. Using the experimental dark current value of 2
nA at a reverse bias of —2 V and an active detector area of 2 X
12 mm? (0.024 cm?), D* = 32 X 10" Hz'?*cm/W can be
obtained, which is comparable to the best values reported for
uv ghotodetectors under the same noise origin assump-
tions.””*>* A more general evaluation of the detectivity D*
can be obtained on the basis of the following equation

B (AAf)l/Z B R(AAf)l/Z
~ NEP I 3)

D*

n

where NEP is the noise equivalent power of the detector at the
UV light modulation frequency f, I, is the root-mean-square
value of the measured noise current in the detector circuit in
the electrical bandwidth Af (Hz), and the relationship NEP =
I./R is utilized. For calculations at the UV light modulation
frequency of 10 Hz, experimental values of the current
responsivity and noise current of 30 A/W and 6 X 1072 A,
respectively, were utilized resulting in NEP = 2 x 107" W/
Hz'/? and a more realistic value of D* = 0.8 X 102 (Hz"%-cm)/
W. Such a difference in D* values obtained using eqs 2 and 3
indicate that in addition to shot noise, other sources of noise
such as “flicker” (1/f) noise and Johnson noise are important in
the case of our p-SC-SWNT/n-ZnO heterojunction, and
further optimization of the components of the heterojunction
device is required. For example, decreasing the series resistance
of the photodetector by optimizing the preparation and

processing of the ZnO layer can significantly reduce both
Johnson and 1/f noises and improve the linearity of the
detector response.

Majority of studies on ZnO-based UV photodetectors and
other inorganic UV detectors report responsivity values in the
range of 1 mA/W to 10 A/W and response times of a few
seconds to hundreds of seconds, typically limited by oxygen
desorption—absorption processes under UV irradia-
tion,'®9?%37¢ Eagter response times in the subsecond range
were recently reported on ZnO-based nanostructured systems,
but with responsivities in the mA/W range.”” High responsivity
values in the range of 100—1000 A/W were reported for
nanostructured forms of ZnO,***"*° and, recently, a significant
enhancement of the responsivity up to 1.7 X 10° A/W was
reported.*>* Also, in some of the recent reports the response
time was reduced to milliseconds and in the sub-millisecond
range, however, with a reduced UV-to-visible responsivities
ratio (<100).”**' In our p-SC-SWNT/n-ZnO heterojunction
UV detector, a significant response can be observed up to a
frequency of 2000 Hz (Figure 5d), indicating the presence of
fast processes, which can be potentially enhanced by tuning the
properties of SWNT and ZnO layers, their geometry, and the
photocarrier extraction pathways.

To describe the current transport in our p-SC-SWNT/n-
ZnO heterojunction device in the dark and under UV
illumination, we applied a model developed for the case of
the p-Ge/n-GaAs heterojunction.”™” Tt should be noted that
the SC-SWNT film itself presents a complex network of
entangled SWNTs with the electrical transport limited by the
charge carriers hopping (tunneling) across the intertube
junctions, whereas here, for simplicity, the SC-SWNT layer is
treated as a bulk conventional semiconductor with bandgap E,
~ 0.68 ¢V,% evaluated from the absorption spectrum of the SC-
SWNT film (Figure S1) and close to E, of Ge of 0.67 eV at 300
K. The band diagram schematic of p-SC-SWNT and n-ZnO
layers after establishing the heterojunction is presented in
Figures 7a and S4 in more detail.

For construction of the band diagram, the work function and
electron affinity ygwnt Of p-type SC-SWNTs are 4.3 and 4.8 eV,
respectively, based on the literature report.**"*> The electron
affinity of ZnO, y,0, is 40 + 0.2 eV, 1872163 According to
Anderson consideration of the heterojunction, the conduction
band discontinuity AE, is equal to the difference in the electron
affinities of the contac_ting materials, thus giving AE_ = yswnr —
Xzmo ~ 0.3 £ 0.1 €V,°% and the corresponding valence band
discontinuity AE, can be estimated as AE, = Ey7,0 — Eggwnr —
AE, ~ 24 eV.°%” With the majority carrier (electron)
concentration in n-ZnO of n ~ 2.9 X 10" cm™ obtained
from Hall effect measurements, the minority carrier (hole)
concentration p is extremely low (p ~ 1.7 X 1077 cm™), and
the calculated Fermi level position is 0.07 eV below the
conduction band edge E_, as described in detail in the
Supporting Information. The hole and electron concentrations
in environmentally p-doped SC-SWNTSs were estimated at the
level of pgwnr & S X 10" and ngynr & 6 X 108 cm™,
respectively, as discussed in the Supporting Information. The
corresponding hole and electron linear concentrations (per p-
SC-SWNT length) are estimated as ~1.4 X 10° and ~1.7 X
107" ecm™, respectively.

According to previous reports, hydrogen peroxide treatment
leads to the removal of highly conducting electron accumu-
lation layer formed by several monolayers of hydroxide and
generation of Zn vacancies within a depth of few hundred
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Figure 7. (a) Band diagram of the p-SC-SWNT/n-ZnO heterojunction under zero bias; (b) band diagram of the p-SC-SWNT/n-ZnO
heterojunction under reverse bias and UV illumination, showing photoexcitation of electron—hole pairs and their separation in the ZnO layer in the

vicinity of the heterojunction interface.

nanometers, resulting in upward band bending in the vicinity of
the p-SC-SWNT/n-ZnO interface up to 0.6 eV, which
correlates with our experimental observation of 4-fold increase
in the lateral resistance of the ZnO layer.””® In addition,
during the heterojunction formation, the work function
difference forces the electron transfer from n-ZnO to p-SC-
SWNTs, resulting in an increase of upward band bending in the
n-ZnO layer close to the interface and the corresponding
downward band bending in the p-SC-SWNT layer. The
downward band bending at the SC-SWNT side toward the
intrinsic state is confirmed by the observed ~3 times increase in
the lateral resistance of the SC-SWNT layer compared to a
similar SC-SWNT film transferred to a glass substrate. It also
correlates with the partial restoration of the strength of the S,;
absorption band after transfer of the SWNT film on the top of
the ZnO layer, as would be expected in the case of reduced
average level of p-doping across the thickness of the SC-SWNT
layer. The distance between the Fermi level and the peak value
of E. in ZnO estimated to be ¢, = 0.64 + 0.1 eV (see the
Supporting Information), which together with the conduction
band discontinuity AE_ of ~0.3 & 0.1 eV, is responsible for the
high rectification ratio of the I-V curve. Fitting of the
experimental I-V curve to the expression describing the
thermionic emission across the Schottky barrier at the metal—
semiconductor junction (Figure $5)°%* gave a value of series
resistance Rg = 700 k€2 and a Schottky barrier height of 0.806
eV. This number is larger than the above value of ¢, = 0.64 +
0.1 eV, which may be due to the limitations of the utilized
Schottky barrier approximation.

Under the reverse bias (negative polarity on the SWNT
side), the flow of holes (minority carriers in n-ZnQO) to the SC-
SWNT layer can be neglected because of the large bandgap and
n-type doping of the ZnO layer, and the overall current is
provided by electron transport from SWNTs to ZnO. The I-V
curve in Figure 1c shows that the reverse current remains low at
the level of ~2 nA as it is limited by the barrier ¢, which also
includes the conduction band discontinuity AE_. The forward
dark current is ~3 orders of magnitude larger than the reverse
current at a similar bias because of the reduced band bending at
the n-ZnO side and is dominated by the electron (n-ZnO
majority carriers) flow into the SC-SWNT layer as the hole
component of the current from SWNTs to ZnO should be
negligible because of a large barrier AE, corresponding to the
valence band discontinuity. This description does not take into
account the tunneling and recombination processes, which may
be important for the current transport across the hetero-
junction.65

The mechanism of photocurrent of the p-SC-SWNT/n-ZnO
heterojunction is illustrated qualitatively in Figure 7b. UV
illumination with photon energies higher than the bandgap of
ZnO of 3.37 eV (A < 368 nm) enters ZnO after passing through
the semitransparent SC-SWNT layer with small losses (~10—
20%) and excites electron—hole pairs in close proximity to the
SC-SWNT/n-ZnO heterojunction interface in the region of the
maximum band bending and the highest built-in electric field.
The reverse bias further enhances the band bending and the
electric field on the ZnO side in the vicinity of the p-SC-
SWNT/n-ZnO interface, leading to efficient separation of
photoexcited electrons and holes before they recombine. The
photoexcited holes are being swept into the SC-SWNT layer
and electrons from the depleted high resistance ZnO interface
layer to the bulk (deep) n-ZnO layer of higher electrical
conductivity. In this configuration, the p-doped SC-SWNT film
acts as a transparent electrode and also as a hole current
collector simultaneously, whereas the deep n-ZnO layer acts as
an electron current collector delivering photoexcited electrons
and holes toward the respective indium ohmic contacts, thus
completing the photocurrent circuit.

The improved photoresponse is associated with the most
efficient use of the whole area of the heterojunction, which is
illuminated by UV light through the highly transparent SC-
SWNT film and the preferential photoexcitation of electron—
hole pairs in the region of the highest built-in electric field,
leading to the efficient separation and collection of photo-
excited carriers. Relatively large barrier ¢, = 0.64 + 0.1 eV,
which also includes the conduction band discontinuity AE. &
0.3 eV limits the dark current to the low value of ~2 nA
resulting in a high on/off contrast. The frequency dependence
of photoresponsivity R o f* with exponent a = 0.5 (Figure Sb)
indicates a wide distribution of lifetimes of photoexcited
carriers and points out to the contribution of traps, such as Zn
vacancies, capturing and releasing one type of carriers, thus
extending the photocarrier lifetimes and enhancing the
photocurrent but also slowing down the photoresponse.® At
a high intensity of UV radiation, the limited concentration of
the available trap states and a shift of the quasi-Fermi level in
ZnO lead to a saturation of the photoresponse, as observed in
Figure 6. Another possible cause of saturation is the
relatively high series resistance of the ZnO layer limiting the
photocurrent.

The photons with energy below the ZnO bandgap but higher
than the bandgap of SC-SWNTs (E, = 0.68 eV) are capable of
exciting the electron—hole pairs within the SC-SWNT layer,
but the strong electron—phonon interaction in 1D-SWNTs
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leads to the formation of exciton-bound states within the time
frame of less than 107"% s, followed by the energy relaxation to
the lattice phonons, (heat) as shown by the theoretical study®’
and experimentally utilizing time-resolved fluorescence,’®
polarized pump—probe photomodulation and photolumines-
cence, two-photon excitation technique,70 and bolometric
spectroscopy. - This difference in UV and visible mechanisms
of photoexcitation in ZnO and SC-SWNTs, respectively, leads
to the observed high UV-to-visible photoresponsivity ratio
exceeding 10°.

Under a forward bias, a positive photocurrent was observed
leading to a quasi-linear I-V curve under UV light irradiation,
which is unusual for the case of a photodiode or
heterojunction-based photodetectors. It should be noted that
the equivalent circuit of the heterojunction (or photodiode)
includes a series resistor of the ZnO layer, which is quite large
(700 k€2) in our heterojunction device and originates from the
lateral flow of the charge carriers in the ZnO layer. Thus, some
contribution to the positive photoresponse in the forward bias
can come from the ZnO layer acting as a photoresistor. On the
other hand, similar observations of positive photoresponse in
the forward bias and a linear I-V curve were reported for the
cases of Au—ZnO nanowire—Au device and graphene—ZnO
nanorod device.”®”" In those reports, it was suggested that the
holes generated by UV irradiation refill (compensate) the deep
traps responsible for the depletion region and the upward band
bending in the ZnO layer adjacent to the interface, thus
reducing the height of the potential barrier responsible for the
rectification of the I—V curves, which can be an alternative
explanation for the nature of the photoresponse observed in
our SWNT/ZnO heterojunction device. The exact nature of
the photoresponse needs to be clarified in future studies.

The detector performance can be further optimized by
tuning the degree of doping of the SWNT and ZnO layers, the
thickness of both layers, and the surface treatment of ZnO for
further improvement of the rectification ratio and enhancement
of internal electric field for more efficient separation and
extraction of photoexcited carriers. The linearity (dynamic
range) of the response can be improved by decreasing the series
resistance of the device associated with the lateral transport of
extracted photocarriers along the ZnO layer. An alternative to
SC-SWNT/ZnO can be the MT-SWNT/ZnO junction, which
would correspond to vertical Schottky barrier rather than the
heterojunction type of a photodetector. For practical
applications, a fast response time is extremely important;
hence, the nature of the interface and bulk states controlling the
photocarrier lifetimes needs to be elucidated and optimized by
varying the ZnO layer growth technique and conditions, its
surface processing, and the SWNT layer transfer during the
formation of the heterojunction with an ultimate target to
decrease the response time from 10 s to millisecond range.

3. CONCLUSIONS

UV photodetector was built on the basis of a semitransparent
p-SC-SWNT thin film/n-ZnO vertical heterojunction. The
device constitutes a simple planar two-layer structure: after the
initial MBE growth of the ZnO layer, the device preparation
can be completed by the solution-based SWNT thin film
preparation and transfer; hence, both large- and small-area
devices can be prepared by this technique, and the patterning
can be added to prepare an array or modify the geometry of
such photodetectors. The novelty and merit of the introduced
SC-SWNT/ZnO vertical heterojunction device is in the
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efficiency of the SC-SWNT layer to enhance the UV
performance of ZnO, as shown by the comparison with the
lateral ZnO device made on the basis of the identical ZnO
layer. In this vertical device architecture, the SC-SWNT thin
film serves two functions simultaneously, namely, as a
transparent conducting electrode and as a semiconducting
material forming the heterojunctions. Thus, the multifunction-
ality of the SWNT thin films is fully utilized. The resulting UV
photodetector shows a high responsivity up to 400 A/W at a
wavelength range of 370—230 nm and is visible-blind with the
UV-to-visible photoresponsivity contrast ratio exceeding 10°.
The detector operates at a relatively low reverse bias of 1-2 V
and shows dark current rectification ratio of 10°. The p-SC-
SWNT/n-ZnO heterojunction is rationalized in terms of the
model developed for the heterojunction of conventional bulk
semiconductors, such as p-Ge/n-GaAs.”**”** The mechanism
of photodetection includes efficient separation of photoexcited
electron—hole pairs in the strong built-in electric field on the
ZnO side of the heterojunction, with the involvement of the
interface and bulk ZnO intragap states trapping and releasing
photoexcited carriers, thus increasing the photocarrier lifetimes.
The presented approach illustrates a synergistic improvement
of the UV detector performance when carbon nanomaterials
and wide bandgap semiconductors are combined in a single
device architecture.

4. EXPERIMENTAL SECTION

4.1. Preparation of the ZnO Layer. The ZnO thin film was
grown on the c-sapphire (0001) substrate by a radio frequency (xf)
plasma-assisted SVTA (SVT Associates, Inc.) MBE system. High-
purity elemental Zn (6 N) and Mg (6 N) were evaporated using
Knudsen effusion cells, and high-purity O, (6 N) gas flow controlled
by a mass flow controller was directed to the RF plasma source to
generate active oxygen radicals. The sapphire substrate was cleaned in
aqua regia (HCI/HNOj;) solution at a temperature of 150 °C for 40
min, rinsed in deionized (DI) water, blown dry by nitrogen gas, and
transferred immediately to the MBE chamber. The substrate was then
annealed in vacuum at 800 °C for 15 min to achieve an atomically
clean surface. The growth procedure followed several steps. At first, a
MgO/ZnO (~3 nm/8 nm) low temperature buffer layer was
deposited on the substrate at a substrate temperature of 450 °C for
S min. During the buffer layer growth, the effusion cell temperature for
Mg and Zn was maintained at 450 and 320 °C, respectively, whereas
the O, flow rate was 2 sccm. The buffer layer minimizes the lattice
mismatch between ZnO and the c-sapphire substrate. In the next step,
the ZnO layer was deposited at a substrate temperature of 600 °C, a
Zn cell temperature of 340 °C, and an O, flow rate of 2.5 sccm for a
growth duration of 3 h. In the final step, the ZnO film was annealed in
situ at 700 °C for 20 min with an O, flow rate of 1.5 sccm. The RF
plasma power of 400 W was maintained throughout the whole growth
period. The ZnO film yields a total thickness of ~400 nm. Although
the film was not intentionally doped, it exhibits n-type behavior with a
carrier density of 2.9 X 10" cm™ and a resistivity of 6.2 Q-cm.

4.2. Device Fabrication. The ZnO film grown on the sapphire
substrate was treated by 30% H,O, solution (Fisher Chemical) for 3
min at 100 °C, washed in DI water, and dried under nitrogen %as flow
according to the procedure described in the literature.’>' The
aqueous dispersion of 99% SC-SWNTs of large diameter (~1.5 + 0.1
nm) was purchased from Nanolntegris Inc. Semitransparent SC-
SWNT thin films were prepared by vacuum filtration of the SC-SWNT
dispersion utilizing the cellulose membrane (Millipore, type VMWP,
pore size 0.0S pm) and transferred on the ZnO layer via the
membrane dissolution in acetone vapor and additional washing in
acetone and DI water. The thickness of the SC-SWNT film was
defined by the amount of filtered SC-SWNT material, taking into
account the effective area of the membrane and assuming a SWNT
film density of 1 g-cm™, as described in our previous reports.'*"” The
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thickness was confirmed by measurement of the optical density of the
SC-SWNT layer.”

4.3. Electrical and Photoelectrical Device Characterization.
Current—voltage (I—V) measurements were conducted utilizing a
Keithley 236 source-measure unit employing LabView-based acquis-
ition system. UV—vis—NIR spectra of ZnO and SC-SWNT films and
photoconductivity spectra were collected using a Cary 5000
spectrophotometer (Agilent Technologies). Calibrated wide bandgap
semiconductor GaP UV photodetector (GaP, model FGAP71,
Thorlabs) was used to measure the incident UV light intensity. LED
(model 370E, Thorlabs) with a central wavelength of 370 nm was used
as the source of UV radiation for the single wavelength measurements.
The LED irradiation was modulated using a function generator SRS-
DS345 (Stanford Research Systems), and the amplitude of the
photoresponse under various light intensities and modulation
frequencies were studied using a lock-in amplifier (SRS 830, Stanford
Research Systems). The noise voltage V, on the load resistance R =
10 kQ (Af = 1 Hz bandwidth) at different frequencies f of UV light
modulation was measured using the SRS 830 lock-in amplifier signal-
processing capabilities and converted to the noise current I, = V,/R;,
where Ry is the load resistance in the detector bias circuit. The
temporal traces of the photoresponse were collected using a Tektronix
TDS 1001C-EDU oscilloscope.
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