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Abstract: The combination of ZnO, InN, and GaN epitaxial layers is
explored to provide long wavelength photodetection capability in the GaN
based materials. Growth temperature optimization was performed to obtain
the best quality of InN epitaxial layer in the MOCVD system. The
temperature dependent photoluminescence (PL) can provide the information
about thermal quenching in the InN PL transitions and at least two non-
radiative processes can be observed. X-ray diffraction and energy dispersive
spectroscopy are applied to confirm the inclusion of indium and the
formation of InN layer. The band alignment of such system shows a typical
double heterojunction, which is preferred in optoelectronic device
operation. The photodetector manufactured by this ZnO/GaN/InN layer can
exhibit extended long-wavelength quantum efficiency, as high as 3.55%,
and very strong photocurrent response under solar simulator illumination.
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1. Introduction

Recently, nitride—based alloys, such as AIN, GaN and InN, have achieved great success in the
applications of optoelectronic devices such as light emitting diodes [1, 2], lasers [3—5], solar
cells [6-8], and photodetectors [9-12]. One of the key features about this nitride-based
materials is the direct bandgap energy covering from 0.7 eV (for InN) to 6.2 eV (for AIN),
and thus provides wide range of absorption from ultraviolet to infrared [13—15]. While many
research groups have worked on the GaN/AIN related materials, the narrow-band-gap InN
represents a unique opportunity for extending the applicable wavelength into the traditionally
important 1.3 to 1.5 um range. However, most efforts in the past were focused on the growth
mechanism and material characterization of InN [16—18] mainly due to the exotic growth
condition and large lattice mismatch of InN to its substrate. One solution is to use molecular
beam epitaxy (MBE), in which the substrate temperature can be controlled such that the
incoming indium atoms can be deposited via surface chemical reaction, and great results in
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light emitting diode and solar cells [19, 20] have been demonstrated. In a practical metal
organic chemical vapor deposition (MOCVD) system, the growth temperature is often more
than 800°C, which can be detrimental to the InN layer due to low evaporation point of indium
[16]. Such limitation restrains the subsequent growth of the capping layer and thus affect the
overall epitaxial layer design [21, 22]. Another obstacle rises from the high background
electron concentration inherent for InN, so the p-type InN is difficult to achieve [23-25].
Without a proper capping layer or suitable p-InN material, the progress of InN related device
could be hindered.

In this study, we employed a low-pressure MOCVD to grow a GaN/InN structures. To
properly address the capping layer problem, a combination of low-temperature GaN (LT-
GaN) and atomic-layer-deposition (ALD) ZnO layers is applied on top of the grown InN
layer. Various growth conditions were explored, and material characterization were
performed to reveal the best temperature for InN epitaxy. The extended InN absorption peak
and photoluminescence peak shift phenomenon can be observed in both cryogenic and room
temperature. Finally, this ZnO/LT-GaN/InN hetero-structure was manufactured into an
infrared-ready photodetector with an external quantum efficiency as high as 3.55% at 1650
nm.

2. Experiments

The nitride related structure was grown on c-plane sapphire substrate by a low-pressure
MOCVD. The epitaxial structure consists of (counting from the substrate and up): a 25-nm
low-temperature GaN nucleation layer, a 1.5-um undoped GaN (u-GaN) layer, a 1-um Mg
doped GaN layer (p-GaN), and a 65-nm InN layer. The 65-nm InN layer was grown under
different temperatures varied from 510°C to 550°C. Finally, a 100-nm LT-GaN grown at the
same temperature as the InN’s was used to cap the overall structure. During the growth,
trimethylgallium (TMGa), trimethylindium (TMIn), and ammonia (NH;3) were employed as
the reactant sources for gallium, indium, and nitrogen, respectively. CP,Mg was used as the
sources for p-type dopants. For the growth of InN structures, V/III ratio of NH3 and TMIn
was around 2 x 10* during the InN formation process for several minutes. The doping
concentration of Mg-doped GaN layer is 5 x 107 cm™. After the MOCVD growth, the ALD
technique was applied to grow a 200-nm-thick ZnO:Al thin film at a temperature of 200°C.
After the growth is done, standard semiconductor fabrication was employed to obtain the
photodetector devices. The Cr/Au (30nm/800nm) alloys are used for contact metals. The mesa
was defined by dry-etch with the size of 14 mil by 14 mil (355 pm by 355 um). The schematic
diagram of the finished device is depicted in Fig. 1.

Due to its highly volatile nature, the indium element is very difficult to incorporate into
the InN film in the MOCVD system. If the substrate temperature is too high, there will be no
InN formed. So this situation limits the epitaxial layer design. The basic constraint is the
growth temperature must be low after the InN deposition. Following this thought, putting LT-
GaN and ZnO on top of InN layer is very suitable for our purpose. First, both of them can take
the low temperature deposition. The LT-GaN layer is the last one to be deposited in the
MOCVD system and its growth temperature is the same as that of the InN step. The ZnO
layer was deposited in the separate ALD system whose growth temperature is controlled at
200°C. The LT-GaN provides the first layer of protection for InN when the wafer was left in
the air for transferring to the ALD system. The thicker ZnO layer can provide further
protection from environmental erosion and also become the transparent conducting layer for
the device.

Because the ZnO layer was deposited separately and the wafers were under such low
temperature (200°C), with similar surface material and morphology, we believe the difference
of the ZnO materials among these three samples should be minimum. The published paper
demonstrated that the optical transmission is the same and the conductivity is close (7.7 x 107
vs. 3 x 1073 Qecm) for the ZnO layers deposited on very different substrates (glass and
sapphire) [26].
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In this work, three InN samples capped with LT-GaN with different growth temperature
(510, 530, 550 degrees Celsius) were made for characterization, and they are named as InN-
510, InN-530, and InN-550 for the references in the following texts. The material properties
of the InN layer were characterized using field-emission scanning electron microscopy
(SEM), and energy dispersive spectroscopy (EDS) taken by a JEOL ARM-200F system, high
resolution X-ray diffraction (HRXRD) performed by a PANalytical X'Pert Pro X-ray
diffractometer, and photoluminescence (PL) using the 633 nm line of a He-Ne laser as the
excitation source. Finally, after normal clean-room processes are finished, the external
quantum efficiencies (EQE) measurement was carried out under monochromatic illumination,
and a 1000W Class A solar simulator with a xenon lamp and an Air Mass 1.5 Global (AM1.5
G) filter are employed to evaluate current density-voltage (J-¥) under dark and illumination
conditions.

Cr/Au

ZnO:Al
LT-GaN/InN {

(@)

Fig. 1. (a) Schematic of a ZnO/LT-GaN/InN heterojunction photodetection devices. (b) The
microscopic image of a finished device under test.

3. Results and discussion
3.1 SEM and EDS characterization

After the wafers were grown, we use SEM system to inspect the surface morphology and
cross-sectional images of the samples. In Fig. 2(a), numerous InN islands fill the surface of
the wafer. To look closer, the base width of these islands ranges from 50 nm to 250 nm and
the height is about 200 nm, as shown in Fig. 2(b). As shown in Fig. 2(c), indium droplets can
be seen when the growth temperature reduces to 510°C, and this phenomenon is mainly due
to insufficient NH; decomposition [16, 27]. Figure 2(d) shows different preferential facet
growth when substrate temperature is 550°C or above.

Figures 2(e)-2(h) show the cross-sectional SEM and Energy Dispersion Spectroscopy
(EDS) measurements of finished ZnO/LT-GaN/InN layer on the p-GaN:Mg. As shown in the
cross-sectional SEM, air voids were observed between the p-GaN buffer layer and the
supposed InN layer. Instead of a uniform thin film, the InN layer grown at low temperature
looks like nano-scale pyramids spreading through the surface [9]. From the surface and cross-
sectional images, the average thickness of these In-rich layer is about 35 nm. Taking the EDS
spectrum at various points of this cross-section, as the circled area shown in Fig. 2(e), reveals
that the upper layer is solely composed of ZnO, and the layer next to the p-GaN surface (area
(h)) has In composition. On the other hand, another spot at similar location (area (g)) exhibits
both Ga and In composition. The inter-mixing of In and Ga could rise from the Ga diffusion
during the growth and this should be the reason why the voids are formed between In-rich and
p-GaN layers [9].

#249488 Received 4 Sep 2015; revised 7 Nov 2015; accepted 16 Nov 2015; published 20 Nov 2015
© 2015 OSA 30 Nov 2015 | Vol. 23, No. 24 | DOI:10.1364/0E.23.031150 | OPTICS EXPRESS 31154



et

5
ull Scale 598 cts Cursor: 10131 (0 cts)

0 05 1 15 2 25 3 35
ull Scale 581 cts Cursor: 5183 (0 cts)

keVFull Scale 621 cts Cursor: 10131 (0 cts)

Fig. 2. (a) Bird-view SEM image of InN capped with LT-GaN at growth temperature of 530°C
on the GaN substrate. (b) Cross-section SEM image of InN capped with LT-GaN at growth
temperature of 530°C. (c) and (d) Bird-view SEM image of InN-510 and InN-550 samples. (e)
Cross section-view SEM image of ZnO/LT-GaN/InN on the p-GaN:Mg substrate. The inset
and g symbols indicate the different measured area on the sample. (f), (g), and (h) are the
energy dispersive spectrometer (EDS) data.

3.2 X-ray analysis

Another powerful tool to check the grown InN quality is the HRXRD. The samples under the
tests were all covered by LT-GaN and InN grown at various temperatures. Figure 3(a) shows
the detailed XRD 2-theta scan of the three samples measured by the PANalytical X'Pert Pro
X-ray diffractometer. Several pronounced peaks can be observed in this plot: sapphire peak
around 42°, GaN (0002) peak at 34.5°, and InN (0002) peak at 31.38°. The sapphire peak
around 41° is used as the reference. Since we did not see the fringes pattern around the InN
peak, a fully relaxed crystal is assumed. There are some disparities that can be seen in these
three samples from this XRD plot. First, when closely inspected, it can be found that the InN-
related peak in InN-550 is actually deviated from the real InN peak. When the fully relaxed
crystal is assumed, the indium composition can be obtained as 0.92. Between InN(0002) and
GaN(0002), a broad band signal indicates the formation of InGaN composite. One particular
peak stands out in both InN-550 and InN-510 at 32.9°, and it was identified as the possible
peak for In(101) or InN(1-101) [28]. To clarify this confusion, an extended X-ray scan was
taken, and no In(110) can be found at 38° which eliminates the possibility of indium existence
[28]. Another broad peak can be seen in InN-550 close to GaN peak, and it represents the
relaxed Ing25Gag 75N from the location of the peak.
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Fig. 3. (a) The X-ray diffraction pattern of a LT-GaN/InN film on GaN at the different growth
temperature. (b) The rocking curves of the three samples.

One of the experiments we could perform to check the crystal quality is the rocking curve
in X-ray diffraction. Certain types of imperfection of the epitaxial layer, such as mosaicity
and dislocations, can broaden the linewidth of the rocking curves. From our rocking curves,
shown in Fig. 3(b), the sample linewidths from different growth temperatures (InN-510, InN-
530, and InN-550) are 7405, 7005, and 5601 arcsecs, respectively. To compare with previous
results, the thickness of the growth, the type of film, the FWHM and the growth method were
chosen as the key parameters and summarized in Table 1.

Table 1. The comparison of the rocking curves of InN samples

Thickness (nm) InN film type fa\r)zlilg Growth Method Reference
20~60 Nanostructure and film on GaN 5601~7405 MOCVD Our study
200 Film on Sapphire 3200~9000 PA-MOCVD [29]
100~200 Film on Sapphire 900~9000 PR-MOVPE [30]
240~960 Film on GaN 2920~3520 RF-MBE [31]
5~460 Microstructure to Film on GaN 250~750 RF-MBE [32]
730~1000 Film on GaN 455~1167 PA-MOMBE [33]

In Table 1, most of InN materials were grown by plasma-assisted MBE or MOCVD. If the
FWHM of the rocking curves can be viewed as an indicator of crystal quality, then, from this
table, we could realize that MBE still produces the best quality of InN material to this day.
Our InN sample, on the other hand, while seems not very good in terms of broad rocking
curves, can still be treated as an average grade because the FWHM of the rocking curve can
be seriously affected by the film thickness: as the thickness reduces, the FWHM increases
dramatically [34, 35]. Even so, more improvements on MOCVD epitaxial technology are
definitely necessary.

3.3 PL analysis

The photoluminescence (PL) was measured using the 633 nm line of a He-Ne laser as the
excitation source. Figure 4 shows the PL spectra of InN samples measured at 20 K and room
temperature. While InN samples grown at 510°C and 530°C look like single-peaked, all three
samples’ result can be fitted very well with three individual Gaussian peaks. The room
temperature PL intensity of InN samples is about 7~17 times weaker than the 20K
measurement. A slightly red-shift of PL peak from 20K to 300K was recorded. A comparison
of infrared PL peak intensity under the constant excitation power was shown in Fig. 4(d).
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Fig. 4. (a), (b), and (c) Photoluminescence of InN layer under cryogenic and room temperature.
(d) PL peak intensity versus growth temperature of InN layers measured at cryogenic and room
temperature.

Figures 5(a)-5(d) reveal the individual Gaussian functions that fit the experimental results
best for all three cases. The detailed parameters of fitting curves are extracted and listed in
Table 2. From the peak position among these data, InN-550 sample shows a global blue-shift
and a lower-than-E, peak shows up in all three cases. If the major peaks at 0.66eV and 0.7eV
are kept during the fitting, InN-510 and InN-530 need very little contribution from the third
Gaussian (the higher energy one), while the InN-550 takes several more to fulfill the fitting
requirement, as can be seen in the Table 2. According to previous scanning transmission
electron microscopy (STEM) results, the blue-shift phenomenon of the InN band to band peak
with increasing growth temperature could be attributed to the complex InyGa;«N formation
due to gallium diffusion at higher growth temperature and the loss of pure InN material [9,
36-38]. The 0.66 eV component in the PL spectra can be attributed to the deep acceptor states
in InN film [38, 39].

Table 2. The Gaussian Fitting Multiple Peaks of InN Samples with Different Growth

Temperature
InN-510 InN-530 InN-550
Sample
Energy (eV) Intensity (a.u.)  Energy (eV) Intensity (a.u.)  Energy (eV) Intensity (a.u.)
Peak 1 0.66 0.615 0.66 0.637 0.66 0.071
Peak 2 0.7 4519 0.7 222 0.7 0.38
Peak 3 0.78 0.215 0.8 0.03 0.76 0.31
Peak 4 0.82 0.172
Peak 5 0.95 0.019
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Fig. 5. The photoluminescence spectra at 20 K for (a) InN-510 (b) InN-530 (c) InN-550; Color
lines are marked to multiple peaks calculated by Gaussian distribution method. (d) The
comparative major Gaussian peak spectra of InN samples excited by a pumped laser power of
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Fig. 6. Variation of the integrated PL intensity with temperature. The solid line is the fit to the
data points using Eq. (1).

Another useful information can be obtained from temperature dependent PL. The thermal
quenching of the integrated intensities can be understood by the rate equation of the radiative /
non-radiative recombination processes. By assuming two different non-radiative processes,
the intensity I can be written as [40, 41]:

1,

E b
+ Bexp(———
) p( KBT)}

I(T)= (D

1+ Aexp(— E,
K,T

where /(T) is the integrated PL intensity at temperature T, I, is the integrated PL intensity at O
K, the coefficients 4 and B are the strengths of the thermal quenching processes. £, and Ej are
the activation energies at low temperature and high temperature regions, respectively. The
measured and fitted data are shown in Fig. 6 and the activation energies can be evaluated by
Eq. (1). As shown in Table 3, the E, and Ey rise with increasing growth temperature. From
previous research of InGaN, the continuous thin layer (QW) and the quantum disk (or
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segment QW by [42]) could exhibit very different behavior in the temperature-dependent PL
[38, 42, 43]. For InN nanostructure, the situation is more complicated due to the addition of
shallow/deep acceptor states in the band gap [38, 39, 44]. Intermixing of the Ga atoms can
cause the blue-shift of peak wavelength in PL. This shift in the peak wavelength and thus the
effective band edge can lead to the increasing E;, for higher growth temperature samples [45].

Table 3. The Evaluated Activation Energy Value of InN with Different Growth

Temperature
Sample InN-510 InN-530 InN-550
E. 3.8 meV 4.5 meV 7.9 meV
E, 39.1 meV 81.2 meV 83.5 meV

As we just mentioned, the InN situation is more complicated than the ordinary GaN. The
usual activation energy calculation in Table 3 might not be totally correct when temperature
rises close to 300K. The main problem is the radiative recombination rate is no longer a
constant [46—48]. To fully understand the carrier dynamics, the temperature dependent PL
need to be analyzed in detail.

In the indium nitride, the residual carrier concentration is usually high if no special
attention is taken during the growth (which should be our case). For such so-called
“degenerate” InN film or nanostructure, the electron concentration can be very high
(>10'3%c¢m™) and thus the band diagram in a nanostructure can be like in Fig. 7(a). The Fermi
level of the InN film (Ef) is located above the E. (conduction band minimum) and the
Burstein-Moss effect can happen. For the acceptor-like level (E4) in the band gap, when no
specific impurities are inserted, Jenkins, et al., asserted the In vacancy (Van) can be a very
probable candidate [49]. These In vacancies also tends to “cluster” together in the InN film
[50], which can lead to the non-uniform distribution of the acceptor level and lead to a
situation similar to potential fluctuation [51].

Once the band structure and the acceptor level are drawn, as shown in Fig. 7(a), three
different optical transitions can occur: (1) The transition between the electrons close to Fermi
level edge and the holes localized on Ea; (2) band to band transition at low k; (3) band to
acceptor transition [52]. Because of these three co-existing processes, the analysis of PL
spectrum becomes complicated. On the other hand, if we could manage the PL spectra well, a
lot of information can be extracted from these results.

In our study, both power and temperature dependent PL. were measured. For the power-
dependent PL spectra at low and high temperatures (20K and 300K, respectively), our
measurements showed almost the same lineshape for low and high excitation power among
three samples. The excitation power varied from 0.5mW up to 4mW in these measurements.
According to previous analysis of Klochikhin, et al. [39], the PL spectra of the degenerate InN
(or the InN with medium to high residual electron concentration) are insensitive towards the
excitation power, which can be observed in our results.
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Fig. 7. (a) The optical transitions in the InN. (b) The temperature effect on the InN band
structure and optical transition [53].

The band to band transition (2) is usually weak [52], so we can consider the transitions (1)
and (3) only. When the temperature rises during the measurement, the effective band gap (Eg
becomes Eg') shrinks following the Varshini's law. Meanwhile, the Ey, increases so much that
the transition (1) can actually have equal or higher photonic energy than before (as shown in
Fig. 7) [53]. So when comparing the emission spectrum at low and high temperature, one
branch reduces the transition energy (band to acceptor) while the other increases (Fermi-level
electron to acceptor state). To verify this conjecture, we must inspect the PL spectra carefully.
Since both transitions can exist in our InN layer, it is imperative for us to trace the constituent
branches via Gaussian fitting curves. In Fig. 8, the temperature dependent PL spectra of the
three samples with different growth temperatures are demonstrated. All the data were
normalized to the individual maximum to reveal the detailed features in lineshapes. Even at
15K, the FWHM of the spectra is generally wider because there are two major peaks
combined inside the PL spectrum. Once the temperature started to rise, these two branches
moved towards different directions. As a consequence, both InN-510 and InN-530 evolved
into even broader spectra at room temperature and the two peaks are about 66meV apart. For
InN-550, the situation is similar, and the residual carrier seems to be more than the other two
cases, so the Fermi-level to acceptor transition sits around 0.77eV due to the Burstein-Moss
effect and this peak is quite insensitive to temperature variation. However, the other lower
energy peak at 0.66eV red-shifted like the InN-510 and InN-530 did, and the quantity of the
shift is also about the same among these three samples, which could be viewed as an indicator
of the universal InN band gap shrinkage.

From the past literatures, the InN samples with low residual carrier concentration can
reveal the acceptor state structures [39], and the binding energies of these acceptor states can
be correlated to the activation energies of the recombination channels [54]. If there are two
recombination channels, usually one for shallow and one for deep acceptor states, and their
activation energies are 5-10meV and 50-80meV, respectively [39, 44, 51]. Our findings in
Table 3 agree with these numbers quite well. Although the radiative recombination time is
usually set to be constant in these papers, a more detailed study on the TRPL and non-
radiative recombination time will be necessary.
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Fig. 8. The temperature dependent PL spectra for three samples. All the PL spectra were
normalized to theirs.

3.4 Photodetector characterization

After material characterization, the properties of the ZnO/LT-GaN/InN photodetectors were
tested. The narrow band gap of InN provides a unique opportunity for infrared photon
detection in the nitride-based devices. The InN-530 was chosen as the main active material for
device fabrication because of its strong PL intensity and good X-ray diffraction result. The
other feature of this combination is in the band alignment. The band alignment between GaN
and ZnO is a type-II junction and when the InN layer is inserted, the band diagram similar to
the double-heterostructure, which is preferred in most optoelectronic devices, can be expected
[55, 56]. Figure 9(a) and 9(b) show the band diagram of the ZnO/LT-GaN/InN structure under
zero and —2V calculated by APSYS. In our current doping design, most of the voltage drops
fall at the InN/GaN interface, which is not preferable for carrier extraction and could be one
of the reasons leading to low quantum efficiency. Further optimization is necessary to find the
best doping scheme.
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Fig. 9. The calculated band diagram of a ZnO/LT-GaN/InN structure. (a) Zero bias, (b)
Negative bias of 2V. The red dotted line is the Fermi level (or Quasi-Fermi level at —2V).

To evaluate photodetection capability of the device, two different types of measurements
were made: one is the photovoltaic response and the other is the external quantum efficiency
of the device. Figure 10(a) reveals the J-V characteristics under dark and AMI1.5G
illumination conditions, and Fig. 10(b) shows the external quantum efficiencies (EQE) of the
InN photodetector at the reverse bias of 0, 3 and 7 Volts. The efficiencies are peaked at the
wavelength of 1770 nm. Both results at —3 and —7 volts show the same up-rising trend
towards the longer wavelength, and the EQE value as high as 3.55% is recorded. Similar
oscillating pattern can be observed in the long wavelength section of the EQE spectra from
different bias. Based on our simulation, this is originated from the Fabry-Perot effect between

#249488 Received 4 Sep 2015; revised 7 Nov 2015; accepted 16 Nov 2015; published 20 Nov 2015
© 2015 OSA 30 Nov 2015 | Vol. 23, No. 24 | DOI:10.1364/0E.23.031150 | OPTICS EXPRESS 31161



the sapphire substrate and the thick InN/GaN structure above. Strong photoresponse under
solar simulator rises from absorption in both p-GaN and InN layers. Combining the photo-
current and EQE measurement (Fig. 10(a) and 10(b)), one can calculate the portion of
photocurrents in Fig. 10(a) that are brought by InN layer by the following formula:

1800nm
Photocurrent from InN at reverse bias q J.goonm F(A)XEQE(A)dA

Total photocurrent measured at reverse bias - ’
qumlF(ﬂ)xEQE(/l)dﬂ

where Lynor 1s the measured photocurrent, EQE(A) is the EQE spectrum in Fig. 10(b), and F(1)
is the standard AM1.5G solar spectrum. As high as 7.80% of the /.0 can be attributed to InN
contribution at reverse bias of 0.3V. From the J-V curves and EQE spectrum, there is no so-
called “short-circuit current” at zero bias for our devices, which indicates no carrier extraction
without external electrical field possibly due to traps and defects formation in the materials.
Currently the growth of the InN layer still needs optimization as the possible defects cause
extra loss and inefficient photo-response. Meanwhile, the InN layer sandwiched by ZnO and
GaN should be regarded as a promising candidate for infrared photonic applications because
of its compatibility in the device growth and possibility to operate beyond the visible-
wavelength regime.
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Fig. 10. (a) The plot is the generic J-V characteristics of a photodetector under dark and
simulated AM1.5G illumination. (b) The measured EQE spectra of the InN device for zero bias
and reverse bias. The solid curves are the moving average of the data points.

4. Conclusion

In summary, a ZnO/LT-GaN/InN/p-GaN heterojunction photodiode is demonstrated with
extended IR response. The best quantum efficiency is 3.55% and the variation of the growth
temperature was used to optimize the InN growth. The current technology and design still
have some room to improve. In addition to the InN material quality improvement, the device
architecture can be modified to utilize the special characteristics of InN. One of them is the
n+/N heterojunction photodetector [9, 10, 57], which can avoid the bad surface of p-GaN, and
many groups have reported encouraging results in the past. The combination of such material
systems should be promising for the future generation of nitride-based optoelectronic devices
because of the unique long-wavelength capability.
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