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Abstract

Epitaxial growth of InN film by metalorganic chemical vapor deposition (MOCVD) is investigated
with adding an InGaN bedding layer. The structure and optical properties of the InN film are
investigated by transmission electron microscopy (TEM) and photoluminescence (PL). From the
selective area electron diffraction pattern in the TEM, the InN is found to be almost strain free. At low
temperature of 8 K, strong PL of the InN film indicate that the energy band gap of the InN is about
0.75 eV. The anomalous persistent PL decay behavior under continuous-wave excitation has been
observed and discussed as the surface recombination and strong surface/interface effect of the InN
film. These results indicate that suppressing and eliminating surface/interface states is one of the key
factors in enhancing the performance of the InGaN-based long-wavelength optoelectronic devices,
which is significant for the development of efficient long-wavelength (red and beyond) InGaN or InN
devices.

Keywords: InN; photoluminescence; surface recombination

1. Introduction

In the ITI-V nitride family, InN is quite special and different from GaN and AIN which have been
systematically studied and widely used in visible-ultraviolet optoelectronic devices along with their
alloys. In contrast, material property studies on InN present significant challenges. For instance, the
determination of the band gap (E;) has ever undergone a tortuous research history. This is mainly
due to the extremely high equilibrium vapor pressure of nitrogen on InN, which is several orders of
magnitude higher than that of AIN and GaN, making it difficult to grow high-quality InN crystals
[1,2]. Early studies used sputtering techniques [3-8] and metal organic chemical vapor deposition
(MOCVD) [9] to grow polycrystalline or nanocrystalline InN materials, which had poor crystallinity.
The Eg was estimated to be around 1.8 to 2.0 eV at room temperature through absorption spectroscopy
without luminescence results. Subsequently, a bandgap value of 1.9 eV was widely accepted for a
long time and often used as the extrapolated endpoint value for the bandgap in InGaN alloys [10]. In
2001, Yodo et al. [11] first observed that InN grown on a Si substrate exhibited photoluminescence
(PL) at the band edge near 1.814 eV, suggesting that these emissions were due to donor-acceptor pairs
and donor-bound exciton emissions of wurtzite InN grains, but unfortunately, this was soon proven
to be incorrect.

At the end of 2001, Davydov et al. grew single-crystal InN epitaxial layers on sapphire substrates
using MOCVD [12,13]. They compared the optical absorption and PL of InN, and PL measurement
showed a strong PL emission near the absorption edge between 0.75 eV and 0.9 eV, which
corresponds to the Eg of InN. This is the first report of the correct Eg. A few months after Davydov’s
finding was published, in early 2002, Wu et al. grew InN single-crystal epitaxial films by using
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molecular beam epitaxy (MBE), and then they repeated the PL measurements around 0.75 eV [14].
No surprise, they also obtained the result of InN’s E; around 0.75 eV. This convoluted history reflects
the complexity of InN material properties, but the challenges in studying the characteristics of InN
materials are clearly not limited to this one.

In recent years, the research on InGaN-based red to infrared long-wavelength optical devices
has gradually become a research hotspot, such as in the studies of photodetectors, solar cells, and
light-emitting devices [15-18]. Although significant progress has been made in high-quality InN
epitaxy, high-quality InN material still faces tremendous challenges due to the inherent properties of
InN. First is the huge difference in equilibrium vapor pressure between N and In, which often leads
to the formation of liquid In droplets on the epitaxial surface [19]. Secondly, the huge lattice mismatch
between the InN film and the substrate material leads to significant stress and a high defect density.
Even though growing InN on a GaN substrate relatively reduces the mismatch, there is still about an
11% lattice mismatch, which generates substantial stress. During the growth of InN, the film stress
has a significant effect on the surface state of the InN film. These issues require adjustments to the
epitaxial conditions and structures to avoid indium segregation and reduce the stress in the epitaxial
InN film.

As the key points of high-quality epitaxy of InN are gradually discovered, corresponding
epitaxy technologies are developed, leading to a gradual improvement in material quality. A
technique for the growth of high-quality InN utilizing an InGaN bedding layer was developed by
our group and published in 2023 [20]. By adopting a proper In composition (23% in that work), low-
stress high-quality InN films were grown with strong PL around 0.74 eV at room temperature.
Subsequently, in 2024, Shetty et al. continued to use this InGaN bedding layer structure for growing
high-quality InN films up to 0.5 um, achieved a mobility exceeding 2000 cm?/V's at a low temperature
of 80 K [21].

In addition to the difficulties in crystal growth, the narrow bandgap of InN is usually
accompanied by strong surface states, resulting in a more complex luminescence mechanism. In fact,
most InN samples are degenerate n-type materials with an electron concentration of about 1x10% cm-3
or even higher [22]. Therefore, the luminescence characteristics of INN may deviate from classical
semiconductor radiative recombination laws. On the other hand, the performance of long-
wavelength optoelectronic devices based on InGaN becomes increasingly correlated with the
characteristics of InN itself as the wavelength increases. For example, even with the same crystal
quality, the luminous efficiency of green LEDs or LDs is still lower than that of blue devices, and the
efficiency of red devices is even lower. Surface states and surface recombination effects are very
significant in narrow bandgap semiconductor materials [23,24], but current research on the
recombination mechanisms of InN is far from sufficient, and surface recombination in InN remains a
largely unexplored area of research. This also partly leads to the fact that despite the extensive work
done by many research teams in photovoltaics and red LEDs, the power conversion efficiency (PCE)
of current InGaN-based solar cells still lags far behind the theoretical values (>20%) [25], and the
luminous efficiency of red LEDs still does not exceed 10% [15,26].

This work successfully grew high-quality InN single crystal films on sapphire substrates with
the InGaN bedding layer by using the MOCVD method. The structure of InN was characterized by
transmission electron microscopy (TEM), and its unique luminescent properties under strong surface
effects were investigated. The research results will contribute to the development of high-efficiency
long-wavelength InGaN-based optoelectronic devices.

2. Materials and Methods

The schematic diagram of the sample structure for the experimental study is shown in Figure 1.
The overall structure includes a 25-nm GaN buffer layer, a 1.5-um undoped GaN epitaxial layer, as
well as InGaN and InN layers, with the InN layer being approximately 150 nm thick. The samples
are grown on c-plane sapphire substrates using the MOCVD method, and details of the growth can
be referenced from Ref. 20.
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Figure 1. InN epitaxial structure with the InGaN bedding layer.

Structural characterization of InN, including X-ray diffraction (XRD) and scanning electron
microscopy (SEM) analysis, is detailed in Ref. 20. Furthermore, we studied the optical properties of
InN through temperature-dependent PL here. The measurement temperature ranges from 8K to
300K. To pump the InN and collect emissions, we use a confocal Renishaw invia-reflex p-PL setup
with an 808-nm continuous-wave (cw) laser, the excitation power density is adjustable from 2.5 to 64
W/cm?. The detector consists of a spectrometer and a Peltier-cooled charge coupled device (CCD).

3. Results

The cross-sectional TEM image of the grown InN sample is shown in Figure 2. From the figure,
the dislocation distribution within each layer can be observed. Since the thickness of the underlying
GaN layer is only 1.5 pm, so it is normal for the dislocation density in the epitaxial layer to be
relatively high. In Figure 2(a), V-shaped pits on the surface of the InN layer can be seen, noting that
not all dislocations lead to V-shaped pits. It is commonly believed that V-shaped pits result from
stress release, where dislocations serve as the origin for this stress release. However, when some
dislocations do not lead to V-shaped pits, it suggests that the stress within the film is not significant.
This assumption can be confirmed in Figure 2(b).

. InN (0001)

GaN (0001)
InN (0110)

P .
. .

GaN (0110)

(a) (b)

Figure 2. TEM image of InN film grown to about 150 nm (a), and the selected area diffraction patterns (b).

Figure 2(b) shows the selected area electron diffraction pattern of the sample which includes the
InN layer and part of the underlying GaN layer, with diffraction spots indexed. The two sets of
diffraction patterns from GaN and InN can be clearly seen. The absence of tailing distortion of the
spots proves that the lattice distortion is small, and the calculated InN lattice constants (compared to
theoretical values) are 0.361 (0.355), 0.563 (0.569) nm, respectively. It is evident that these values are
very close to the theoretical values, indicating that the epitaxial InN film is almost stress-free. The
main reason is that the InGaN bedding layer below not only reduces the lattice mismatch but also
helps to relieve stress.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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The temperature-dependent PL spectrum of InN is shown in Figure 3(a), with the excitation
power at 45 W/cm?. The PL spectrum of InN exhibits a perfect edge luminescence peak, with the peak
position red-shifting from 1645 nm at 8 K to 1670 nm at room temperature. The spectral shape of PL
curves is steeper on the long-wavelength side (low energy side) and flatter on the short-wavelength
side (high energy side), showing typical edge luminescence characteristics. The high-energy side
tailing is caused by the continuous filling of the energy band by the high concentration of non-
equilibrium carriers, which is consistent with previous reports. The change in the PL intensity with
temperature is shown in Figure 3(b). It is generally believed that defects, impurities, and other non-
radiative recombination centers are thermally activated with increasing temperature, and the density
of non-radiative recombination centers increases exponentially with temperature, leading to the
exponential decrease of edge luminescence intensity with temperature, as shown by the red dashed
line in Figure 3(b). However, within the temperature range of 80 to 180K, the PL intensity of InN
deviates upward from the conventional exponential decay trend. This indicates that in addition to
the conventional temperature-related non-radiative recombination centers, there exists another
recombination mechanism in InN that is less temperature-dependent, resulting in the maintenance
of the PL intensity within the 80 to 120K. This reflects that the recombination mechanisms in the
narrow bandgap InN are more complex than those in the wide bandgap GaN.
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Figure 3. PL spectra of InN film at temperatures from 8 K to 300 K (a), and the relationship between peak

intensity and excitation power density (b).

Further PL measurements of the sample revealed more strange phenomena. During continuous
repetitive PL measurements, it is found that the PL spectrum gradually decreased, as shown in Figure
4. This decrease was especially pronounced at lower temperatures. Figure 4(a) shows results at 8K,
with measurements taken every 20 seconds, totaling 8 measurements over 160 seconds. It can be
observed that the PL spectrum decreases and shows redshift, but ultimately it seems to stabilize.
Initially, it is suspected that the excitation power density was too high, causing surface damage to the
sample. However, the observation of stable spectra contradicts the idea of damage being the cause.
Further measurements revealed that this PL decrease could be completely restored after stopping
laser irradiation for about 15 minutes. This proves that laser irradiation damage is not the reason for
the decrease and redshift in the PL spectra, it seems more like it comes from the capture and release
of charge carriers.

At higher temperatures, a similar phenomenon is observed. As shown in Figure 4(b),
measurements were taken every 30 seconds at 52K, resulting in a total of 8 measurements over 240
seconds. It can be seen more clearly that the trend of the spectrum stabilizing is more pronounced at
higher temperature. It should be noted that in all curves 1-8 in Figures 4(a)/(b), all measurement
conditions remained unchanged, therefore, the decrease in PL solely originates from the internal
luminescent mechanism of InN itself. In terms of the basic PL process, after laser excitation, the
distribution of excess carriers will play an important role in the final luminescent behavior. According
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to Figure 4, it can be concluded that there exists a certain carrier leakage mechanism in the InN
sample, which is consistent with our previous observations [20]. This carrier leakage is not caused by
localized states with saturation characteristics, but is related to external excitation. So. It can lead to
a gradual decrease in the effective carrier density over time, until leakage reaches a steady-state
balance with excitation and radiative recombination under constant external excitation.
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Figure 4. PL results at 8K, totaling 8 measurements over 160 seconds (a), PL results at 52K, totaling 8

measurements over 240 seconds (b).

InN is a narrow bandgap semiconductor, and the effects of band bending caused by surface
states are more pronounced compared to wide bandgap semiconductors such as GaN. This has been
widely recognized in traditional narrow bandgap semiconductors like InAs and InP [23,24]. For
example, in InAs devices with properly passivated surfaces, the elimination of surface state effects
can enhance the photoluminescence intensity by ten times [24]. This demonstrates the significant
impact of surface/interface states on narrow bandgap materials. Although nitride semiconductors are
generally considered wide bandgap semiconductors, the ~0.7 eV bandgap of InN indeed falls into the
narrow bandgap category. Above PL measurements indicate that the surface/interface effects, which
are not evident in GaN and AIN, need to be carefully considered in InN.

In order to clearly study the variation of InN PL with time, we designed a new PL measurement
method. First, we added a shutter to block the laser in the optical path, fixed the detection center
wavelength on the spectrometer, and adjusted the width of the slit to cover a detectable wavelength
range of approximately 200 nm. This ensures that we can record the complete luminescence peak
intensity. Then this optical path setting was fixed for all measurements. Secondly, during the
measurements, we open the shutter at the appropriate time to allow the laser to pass through, exciting
the sample. We continuously record the change in PL intensity over time. In this way, we can record
the change in PL intensity over time of the sample from the moment it is excited under continuous
excitation.

The measurement results are shown in Figure 5, with the vertical axis of PL intensity using a
logarithmic scale. Figure 5 shows that at various temperatures from 20 K to 200 K, the PL intensity
exhibits an exponential decline, ultimately approaching a “stable intensity” state. As the temperature
increases, the time to reach the stable intensity is shorter. The final stable intensity also appears to be
similar at those higher temperatures, and its relationship with temperature is not obvious. At the
higher temperatures than 200 K, the change in PL intensity over time becomes less noticeable, so it is
not displayed.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 5. Under continuous excitation, the variation curves of PL intensity with time at different temperatures.

In Figure 5, although the initial luminescence intensities are different, the decay curves are
nearly ‘parallel’ at most temperatures, showing that this decline is not strongly related to temperature
or the equivalent thermal activation process. This feature is difficult to explain by using conventional
PL models. The PL special characteristics of the InN have been reflected in Figure 3(b), where the PL
intensity shows a weak correlation with temperature in the medium temperature range.

To more clearly display the decay features, we fitted the curves at three typical temperatures (20
K, 105 K, 200 K), as shown in Figure 6, where the red dashed line represents the fitting results. The
fitting used a double exponential model, with the formula shown in the figure.

As shown in Figure 6, the double exponential fitting can accurately fit the measurement curves,
with each curve displaying two decay time constants t1 and t2, indicating the presence of both fast
and slow processes. Similarly, the radiation process exhibits both fast and slow processes, which are
quite common in the InGaN system and have been reported in many experiments [27-29]. At 20 K,
tl and t2 are 9.49 s/44.9 s respectively, at 105 K they are 8.67 s/43.6 s, and at 200 K they are 5.57 5/17.8
s. At the lower temperatures of 20 K and 105 K, t1 and t2 do not differ much, only slightly shortening
with increasing temperature. However, at 200 K, t1 and t2 shorten significantly, indicating a
substantial change in the internal recombination processes.
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Figure 6. Fitting results of the PL intensity decay curves at 20 K, 105 K and 200 K.

In the typical PL theory, the first step is that if the sample is continuously excited by a stable cw
laser, then the ‘supply” of excess carriers should be constant (there is a prerequisite here: the light
absorption by valence band electrons is dominant, while the absorption of others is small and can be
ignored). Then in the second step, the excess carriers recombine through several recombination
channels, of which the non-recombination channels are usually closely related to temperature.
Generally, in this case, the intensity of PL remains unchanged over time and is highly correlated with
temperature changes. The equation for the excess carriers after excitation should be as follows,

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Here G represents the carrier generation rate and n represents the excess carrier concentration.
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It is widely accepted that there are mainly three carrier-recombination mechanisms in normal
semiconductors, that are Shockley-Read-Hall (SRH, An) nonradiative recombination, bimolecular
radiative recombination (Bn?) and Auger nonradiative recombination (Cn?). A, B and C are the
recombination coefficients of their respective recombination mechanisms. K are the recombination
coefficient of unknown recombination mechanism. Typically, the Auger coefficient C is very small,
and Auger recombination can be ignored at low carrier concentrations. The K process is only
considered when there are obvious signs in the experiment, as in our previous study on the droop
effect [30].

However, the actual material properties can be more complex, and if the material characteristics
lead to significant alternative transition in the light absorption in the first step, then even if the sample
is continuously excited by a stable cw laser, the ‘supply’ of excess carriers, or the G in Eq. (1), will
change, and the behavior of the emitted light intensity will consequently vary.

As a narrow bandgap semiconductor, InN exhibits more pronounced effects caused by
surface/interface states, which is a common pattern seen in narrow bandgap semiconductors like
InAs and InP etc. The effect of the interface states is resulted in a constant Surface Recombination
Velocity (S) such as made in the simple theory [31,32]. It has been assumed that the surface
recombination center is located at midgap and capture cross sections for electrons and holes are equal.
However, the actual situation is more complicated, and the surface recombination velocity may not
be constant, for example, the energy bands may curve at the surface. In fact, the S of silicon has for
long been known to be a strong function of the surface potential [33]. Girisch et al. modeled the Si/SiO:
interface with an extended SRH-algorithm, that also accounts for band-bending effects due to oxide
charges and charges in the interface states [34].

Further detailed analysis has been done by Mui et.al. [35,36], which provided a deeper
investigation on the effects of surface recombination on carrier distributions. In this paper, they use
SRH recombination mechanism to calculate the surface recombination. They found that surface
recombination S is proportional to the densities of empty and filled surface traps, respectively,
contrary to the usual assumption that S is proportional to the surface trap density. In another word,
there will be an “effective density” for the surface recombination. Furthermore, the charged traps will
change with trap density and generation rate. Then, for a given injection condition, the luminescence
intensity depends critically on the effective density of surface traps.

These complex surface processes happen to occur easily in InN. Some of InN’s unique properties
have been studied and discovered, especially the surface band bending that forms surface electron
accumulation, as shown in the work of Veal et.al. [37]. Their results indicate the extreme nature of
the electron accumulation at the surface of n-type InN, in agreement with findings obtained using a
wide range of experimental techniques. The nature of the band structure of InN, with its particularly
low I-point conduction band minimum, dictates the existence of positively charged donor-type
interface states, and huge band bending near the surface, leading to electron accumulation at InN
surface/interfaces. According to their calculation, the electron density in the accumulation layer peaks
at greater than 2x10% cm at a depth of ~0.4 nm. Then, such high-density electron accumulated at the
surface will certainly fill the surface traps, thereby reducing the effective surface trap density.

According to the special surface state of InN, our PL experiment process should be like this. The
initial state of the sample is as described above; the InN grown by MOCVD is inherently n-type,
resulting in strong electron accumulation on the surface. At this time, the surface states are filled.
Therefore, when the sample is excited by laser, the initial phase of PL measurement shows the highest
PL intensity. However, due to the very high concentration of electrons accumulated on the surface,
the excitation of these surface electrons by the incident laser cannot be ignored at this time, and with
increasing exposure time, more surface electrons absorb photons from the laser, resulting in a
decrease in valence band absorption. This decrease is equivalent to G. At the same time, surface-
accumulated electrons are continuously excited, leading to a decrease in surface electron

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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concentration, which in turn activates some traps that were originally filled. Therefore, in this case,
the continuous irradiation reduces the effective excess carrier generation rate and increases non-
radiative surface recombination, ultimately leading to the observed continuous decline in the PL
spectrum. Therefore, the degree of PL intensity decline depends on the density of effective traps.
After along period of exposure, the concentration of activated traps increases, and ultimately reaches
equilibrium with the supply of excess carriers, which is the final “stable intensity” observed in Figure
5. This process is clearly not very related to temperature.

Of course, temperature still plays an important role in the PL process, and traps activated by
high thermal energy should not be filled by the surface electrons. At higher temperatures, thermal
energy excites more traps, weakening the effect of surface electron filling. As a result, the degree of
decline decreases, while the overall PL intensity is not high, and the PL reaches the “stable state”
earlier.

This model can also explain Figure 3(b). The bulge at moderate temperatures is due to the fact
that at the temperature from 80 to 150K, the surface states activated at low temperatures are entirely
filled by the surface electrons, then the PL intensity remines. It is only after reaching higher
temperatures that more deeper states are thermally activated. This model can be compared with the
fitted t1/t2 results in Figure 6; at low temperatures, both t1 and t2 are similar, indicating that the
concentration of effective surface states is roughly the same. However, at the high temperature, both
tl and t2 becomes much shorter, indicating that the concentration of effective surface states is
increased.

Based on the analysis above, it can be seen that the model proposed in this work can explain
current phenomena that have been discovered, but further in-depth research is still needed. Due to
the special mechanism under the surface/interface modulation of InN, the often-overlooked
surface/interface effects are manifested in materials/devices with high InN content. For example, as
mentioned earlier, even with the same crystal quality, the luminous efficiency of green LEDs or LDs
is still lower than that of blue devices, and the efficiency of red devices is even lower. The findings
and proposed model in this paper help to understand these phenomena.

4. Conclusions

In conclusion, high-quality InN single-crystal film with the InGaN bedding layer was grown by
MOCVD. The InGaN bedding layer significantly reduced film stress. The effects of surface
recombination and strong surface/interface effect of the InN film have been investigated. The nature
of the band bending near the surface and the high-density electron accumulation at InN
surface/interface modulated the surface recombination, and leading to the continuous decline in the
PL spectrum under continuous excitation. The findings and proposed model in this paper help to
understand the low efficiency of InGaN-based long-wavelength optoelectronic devices. As a result,
suppressing and eliminating surface/interface states is one of the key factors in enhancing the
performance of the InGaN-based long-wavelength optoelectronic devices, requiring targeted design
at the surface/interface, which awaits further in-depth research.
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