
Enhanced photocurrent of a nitride–based 
photodetector with InN dot-like structures 

Lung-Hsing Hsu,1 Chien-Chung Lin,2,* Hau-Vei Han,3 Da-Wei Lin,3 Yen-Hua Lo,2 
 Yi-Chia Hwang,2 and Hao-Chung Kuo3 

1Institute of Lighting and Energy Photonics, National Chiao Tung University, Tainan 711, Taiwan 
2Institute of Photonic System, National Chiao Tung University, Tainan 711, Taiwan 

3Department of Photonic & Institute of Electro-Optical Engineering, National Chiao Tung University, Hsinchu 300, 
Taiwan 

* chienchunglin@faculty.nctu.edu.tw 

Abstract: The InN dot-like layer was applied in the gallium nitride based 
material for the purpose of infrared photodetectors (PDs). This InN layer 
was grown by a low-pressure metal organic chemical vapor deposition 
technology under different growth temperatures. The X-ray diffraction 
patterns provide the information of crystal structure and the hexagonal 
orientation was detected. The Raman shifts and photoluminescence were 
also used to characterize the quality of InN film. Finally, the fabricated 
Schottky-type photodetector was tested under a solar simulator and a long-
wavelength laser (λ = 1550nm). The measurements show a highly linear 
relation between photo-generated currents and laser powers for the 
wavelength of 1550 nm. In the photonic detection range suitable for optical 
fiber communiation, a quantum efficiency of 9.2% can be observed. 
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1. Introduction 

In recent years, nitride−based alloys, such as AlN, GaN and InN etc, have achieved great 
success in light emitting diodes [1–3], laser diodes [4], solar cells [5–8], and photodetectors 
[9–11]. In these works, most of them focused on the visible wavelength range which are 
inherent to InGaN/GaN materials. Meanwhile, one of the great features about nitride-based 
materials is the wide direct bandgap coverage associated with the compositional variation, 
which ranges from 0.7 eV for InN to 3.4 eV for GaN, and thus provides a wide range of the 
absorption spectrum from ultraviolet to visible and infrared [12–15]. However, to date, the 
epitaxial layer with high-In composition or pure InN is still difficult to be accomplished. The 
high quality epitaxial InN film cannot be achieved easily on native sapphire or GaN surface 
due to the large mismatch in lattice constant (10.78% in the c-axis GaN) [12,16–20]. In the 
past, molecular beam epitaxy (MBE) has been a major technique for InN growth, both 2D and 
3D (Stransky–Krastanov, or SK) mode has been reported [20]. However, due to huge 
differences of the equilibrium vapor pressure in MOCVD system for AlN/GaN and InN, InN 
is extremely difficult to grow a nice mirror-like thin film unless the V/III ratio raised beyond 
unreasonable number of 8 × 104 [20]. Thus in many cases, the 3D (SK) growth mode becomes 
more preferrable for InN [21–24]. In addition to alleviate the aforementioned material issue, 
the other benefit of nano-scale structure also includes the introduction of intermediate band 
(IB), and several groups also have demonstrated extra light-absorption through this IB effect 
in quantum dots (QDs) [25,26], and the solar cell application of the IB concept with InN 
quantum dot has also been previously proposed [27]. Previously, the quantum dot design was 
applied to PDs for improvement in the optoelectronic characteristics of devices and 
enhancement of the internal quantum efficiency (IQE) [28–30]. However, the reverse-bias 
leakage current due to dislocations in the high-In content layer is still yet to be overcome [31]. 

In this study, we employed a low-pressure metal organic chemical vapor deposition 
(MOCVD) technology to grow an InN dot-like structures on regular GaN material for 
photodetector purpose. The extended InN photoluminescence can be observed in cryogenic 
and room temperature. Further X-ray measurement confirmed the Wurtzite configuration of 
these dot-like structure. The 1550nm laser excitation measurement of the device's photo-
current provide us the responsivity of the material. From various growth conditions and their 
characterizations, the best growth temperature can be estimated in our system. We believe this 
InN dot-like design could be essential for the nitride based material to further extend their 
usage to infrared photodetection. 
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Fig. 1. (a) Schematic of the nitride-based photodetector with InN dot-like structures. (b) The 
microscopic image of a finished device under test. 

2. Experiments 

All the nitride-based layers, including InN dot-like structures, were grown on c-plane sapphire 
substrates by a Veeco D75 MOCVD system. On the sapphire substrate, the nitride- based 
structure consists of a 30-nm-thick low-temperature GaN nucleation layer, a 1.5-μm-thick 
undoped GaN epilayer, a 2-μm-thick Si-doped GaN epilayer (n-GaN:Si), followed by 65-nm-
thick InN epilayer, and then a 100-nm-thick low-temperature GaN epilayer (LT-GaN) with 
the same growth temperature as the previous InN layer was capped on the top. The 
functionality of LT GaN layer is three-fold: first, protection for subsequent thermal cycling 
[32], a better contact layer with less electron affinity (4.1eV vs. 5.8 eV of InN [33]), and 
finally, a clean interface for better carrier transport [34]. After the epitaxial growth, a 
Cr/Pt/Au (5nm/5nm/190nm) alloy contact pads were applied to the bottom side for n-GaN and 
top contacts by photolithography and lift-off process steps. The mesa was defined by dry-etch 
with the size of 14 mil by 14 mil (355μm by 355μm). The schematic diagram of the finished 
device is depicted in Fig. 1. In addition, a wafer without the LT-GaN capping layer was also 
grown for comparison. During the growth, trimethylgallium (TMGa), trimethylindium 
(TMIn), and ammonia (NH3) were employed as the reactant source elements for gallium, 
indium, and nitrogen sources, respectively. Silane was used as the source for n-type dopants. 
For the growth of InN-dot structures, flow rates of TMIn and NH3 were fixed at 130 sccm and 
7000 sccm, respectively, during the InN-dots formation process. The doping concentration of 
Si-doped GaN layer is 4.5 × 1018 cm−3. After the growth of InN layer, the samples were 
characterized using field-emission scanning electron microscopy (SEM), energy dispersive 
spectrometer (EDS) taken by a JEOL ARM-200F system, high resolution X-ray diffraction 
(HRXRD), photoluminescence (PL) using the 633 nm line of a He-Ne laser as the excitation 
source, the high resolution confocal Raman scattering (Raman) system and the 
spectrophotometer ranging from UV to visible wavelength (UV-VIS). Finally, after normal 
clean-room processes are finished, the device performance was first measured by a Newport 
1000W Class-A AM1.5G solar spectrum system. A tunable DFB laser source (in the 1550 nm 
range) and current-voltage (I-V) system were also employed to evaluate external quantum 
efficiency for photoresponsivity purpose. 
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Fig. 2. (a) Top-view SEM image of InN dot-like on the n-GaN:Si substrate. The (b) and (c) 
symbols indicate the different measured area on the sample. The inset SEM image is the cross-
sectional view of the InN dot-like structure with the marked height of 162.5nm. (b) and (c) are 
the energy dispersive spectrometer (EDS) data from marked area of Fig. 2(a). 

 

Fig. 3. The HRXRD patterns: (a) 2θ scan of samples with various growth temperatures and (b) 
φ scan of 525°C uncapped wafer. 

3. Results and discussion 

First thing to be characterized is whether indium was incorporated into the layer. Indium is 
notorious for evaporating easily at low temperature, and the remaining poor quality materials 
are left on the substrate. To find out the best condition for our MOCVD system, four samples 
of InN-dots with different growth temperature (500, 525, 550 degrees Celsius) on n-GaN:Si 
substrate with/without a LT-GaN capping layer, were fabricated for characterization: (1) 
500°C (InN-500), (2) 525°C (InN-525), (3) 550°C (InN-550), and (4) 525°C without LT-GaN 
(InN-525-uc). 

Figure 2 shows SEM and Energy Dispersion Spectrometer (EDS) measurement results of 
InN-dots layer with growth temperature of 525°C. The top-view SEM image reveals that the 
diameters of InN dot-like structures are between 300 nm and 700 nm and the height is around 
162.5 nm, as shown in the inset of Fig. 2(a). From different areas in Fig. 2(a), EDS signals 
can be extracted and shown in Fig. 2(b) and (c). The flat area does not bear any sign of indium 
(Fig. 2(b)), while the island area demonstrates clear indium incorporation (Fig. 2(c)). On the 
other hand, several islands tend to merge together due to self-assemble effect [24,35,36], and 
voids also show up at the center of In-rich islands. 

Once we confirm the In content is presented in the low-temperature film, other tests such 
as high-resolution X-ray diffraction (HRXRD) can be performed. Figure 3(a) exhibits 
HRXRD results of InN epitaxy with various growth temperatures. The peaks of all samples 
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centered at 2θ = 31.3° and 34.56° corresponded to the diffraction of the hexagonal phase InN 
(0002) [20,37,38] and GaN (0002) plane, respectively. In addition to the diffraction peak of 
InN (0002) and GaN (0002) plane, the other broad-band peak at 2θ = 33.2° originated from 
the diffraction of polycrystalline InN was observed [19,39]. We believe that this broad-band 
signal indicates possible disorder in the crystal structure and possible InGaN alloy formation 
in the film, which lower the XRD intensity of the main InN peak and smear the signal in 
between InN and GaN [40]. In general, the InN signal is enhanced when the growth 
temperature is getting lower, and strongest at InN-525-uc (the uncapped sample). Compared 
between the 525°C samples, the LT-GaN capping layer seems to deteriorate the quality of 
previously deposited InN material by providing Ga source for inter-mixing and alloying 
InGaN composite. A wider range scan in the planar direction (φ-direction) produces a series 
of signal separated by 60 degrees which can be a good indicator of hexagonal crystal structure 
of InN dot-like region [41]. 

Figure 4 shows the Raman spectrum at room temperature observed from the grown 
surface using the He-Ne laser at 632.8 nm. As seen in the figure, a sharp phonon signal (E2-
high frequency mode) from the n-GaN:Si substrate at 567 cm−1 (E2 GaN) and the phonon 
longitudinal optical modes (A1LO GaN) at 733 cm−1 can be expected. The signature of the 
indium nitride material exhibits through A1LO InN (longitudinal optical modes) at 594 cm−1 
and E2 InN at 490 cm−1 (high frequency mode). The observation of A1LO InN at 594 cm−1 
indicates a low carrier density region in InN materials and generally implies a good epitaxial 
quality [14]. In our samples, InN-525-uc seems to have better InN quality than others with 
LT-GaN capping layer by demonstrating several key InN signals. The A1LO peak intensity of 
InN-550 is weak, when compared to other samples with lower growth temperature. 
Previously, A1LO Raman peak shift of the InN film was correlated to InN-dots size [42]. 
There are two big shoulders peaked at 680cm−1 for the samples of InN-500 and InN-525. 
These peaks are believed to be the InGaN alloy formed during the subsequent GaN capping 
growth. The intermixing between the indium and gallium elements can be examined via the 
TEM and EDS experiments later. The location of the peaks is directly related to composition 
of the InGaN alloy, which is In0.6Ga0.4N in this case, while the line width is broadened by the 
elastic scattering of LO phonons due to compositional fluctuations [43,44]. The slight redshift 
of E2(high) mode of InN-550 sample could be attributed to the residual strain developed 
during the cooling cycle. The difference between the thermal expansion coefficients of GaN 
and InN can leave the grown InN structure under tensile strain, which can move the Raman 
peak towards lower frequency [45]. 

The photoluminescence (PL) was measured using the 633 nm line of a He-Ne laser as the 
excitation source. Two different samples were measured for their PL characteristics. Figure 5 
shows the power-dependent PL spectra of InN-525 and InN-525-uc measured at 10 K. The PL 
spectra of InN-525 exhibits multiple peaks energy centered at 0.75, 0.83, and 0.92 eV, and 
meanwhile InN-525-uc also exhibits multiple peaks energy centered at 0.72 and 0.74 eV, 
respectively. The blue shift of PL peaks of InN-525 can be observed in Fig. 5(b). The cause of 
this shift can be attributed to the possible diffusion of Ga in the final GaN capping growth and 
the loss of pure InN material [22]. From the TEM cross-section view and the corresponding 
EDS analysis, shown in Fig. 6(a) and (b), distinctive Ga and In signals can be found both in 
InN and GaN cap layers, while no In signal can be seen in the GaN substrate. The EDS line-
scan in our scanning transmission electron microscope (STEM) can provide the elemental 
depth profiles shown in Fig. 6(c). The meaured layer thickness is thinner because the cross-
section happened to be at the tail of the InN dot structure which can also be seen from the 
boundary of the TEM image in Fig. 6(a). The excess Ga intensity with the In signal in the 
same location can be seen as another evidence for Ga diffusion. Combined with previous X-
ray and Raman data, the inter-mixing of GaN and InN during the capping growth is 
confirmed. Compared with InN-525-uc, the PL intensity of the InN-525 sample is also 
weaker. It is possible that extra damage of InN film is caused during the capping layer growth 
and leads to worse PL spectra. 
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Fig. 4. Raman spectrum for InN dots grown with different growth temperature on the n-GaN:Si 
substrate. 

 

Fig. 5. (a) The photoluminescence spectra at 10 K for InN-525-uc structures without LT-GaN 
and (b) with a capping LT-GaN layer. 

Finally the detector chip can be measured under various conditions. Because of our special 
layer structure design (without p-GaN on the top contacting layer), this device is more like a 
Schottky-junction type of photodetector. Figure 7(a) shows the photovoltaic response under 
AM1.5G solar simulator for various growth temperatures. The ratio of photo current to dark 
current is extracted for the comparison. From the measured results, an increasing trend of the 
photo/dark ratio with the growth temperature is obtained. This can be attributed to the better 
quality of the GaN growth, not the InN layer, in the device due to higher temperature. 
Meanwhile, a limited improvement of the photo/dark ratio of InN-525-uc over that of InN-
525 is probably due to less defects in the film. To really identify the functionality of InN, it is 
better to use a long-wavelength light source to examine the devices because long-wavelength 
photons don't get absorbed by GaN. A 1550nm tunable DFB laser was used to illuminate the 
sample and negative bias was applied to the device. Both dark current and photocurrent under 
various laser powers can be recorded. The measured photo-generated currents and laser 
powers were converted such that the quantum efficiency (defined by # of electron-hole pairs/# 
of the photons) can be evaluated. All devices but InN-525 samples exhibit negative photo-
conductivities under increasing laser power, which could be explained as extra recombination 
centers or existing donor states in the band gap in the InN films [15]. The performance of the 
best InN-525 device, as seen in Fig. 7(b) and (c), exhibits good reverse bias IV up to −0.3V 
under laser illumination, and the photocurrent versus laser power at 1550nm is 0.443 A/W. 
When it is compared to the dark current in Fig. 7(b), the photo-generated current takes as high 
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as 27.7% of the dark current, which marks a significant increment suitable for photo-
detection. The linear extrapolation of the measured photocurrent response in Fig. 7(c) exhibit 
certain “threshold” power needed to initiate the photocurrent extraction. This phenomenon 
has been documented previously [46–48], and we believe the excess traps and defects 
between the InN and GaN are the most possible reason to consume the excitation laser 
photons at the low input power level. Figure 7(d) shows the resultant spectral response of this 
InN photodetector at the reverse bias of 0.3 Volts. The tuning range of the DFB laser limits 
our data acquisition, and an external quantum efficiency as high as 9.2% is recorded. 

 

Fig. 6. (a) The TEM of the GaN cap/InN/GaN substrate. The dash line is the rough boundary 
between these layers and for eye-guiding only. (b) The EDS plots are shown for different 
regions of the structure. (c) The EDS line-scan results vs. location for indium and gallium 
concentration. The blue and red stripes at the bottom of the plot indicate the approximate range 
of InN and LT GaN layers. The highly overlapped section should result from the Ga diffusion. 
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Fig. 7. (a) The ratio of photocurrent to dark current at reverse-bias corresponding to InN 
growth temperature of 525, 550, and 580 °C, and the comparison with InN-525-uc. (b) The 
reverse-bias I-V characteristics of the InN-525 measured in dark and under illumination of 
1550 nm DFB laser light. (c) The reverse biased current (substracted by dark current) under 
various pump laser power. The reverse bias is −0.2V in the plot, and the linear slope of 0.443 
(A/W) can be fitted from the measured data. (d) The external quantum efficiency of the InN 
photodetector between 0.79eV and 0.815eV. 

4. Conclusion 

In summary, we successfully grew InN-dot like structures by MOCVD system and utilized 
this structure to fabricate a photodetector. The suitable growth temperature of InN dot-like 
structures can be found via various material characterizations, and at current stage, a low-
temperature capping layer of GaN seems not favorable for InN formation. With the help of 
both the solar simulator and the long-wavelength laser, the photodetection capability of the 
InN device is fully explored and a highly linear photo-current vs. input power relation can be 
found from the sample of 525°C growth temperature with GaN capping. Finally the spectral 
responsivity and thus the quantum efficiency can be measured by the tunable DFB laser 
excitation, and the best efficiency is 9.2%. We believe this structures shall be promising to be 
integrated in the future generation of nitride-based optoelectronic devices. 
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