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a Department of Physics, Faculty of Arts and Science, Bursa Uludağ University, Nilüfer, Bursa 16059, Turkey 
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A B S T R A C T   

An innovative approach has been explored to fabricate a high-performance photodiode in semiconductor device 
production, utilizing the thermal evaporation technique to grow GaN thin films. Structural analyzes were con
ducted on both as-deposited and annealed samples, and their properties were determined using various char
acterization techniques, including FESEM, XRD, XPS, Hall effect, photoluminescence, and UV-Vis 
spectrophotometer measurements. Valuable information has been gained about the potential of this alternative 
approach for fabricating GaN-based electronic devices. In this study, Al/n+-GaN/n-Si/Ag (as-deposited GaN) and 
Al/n-GaN/n-Si/Ag (annealed GaN) structures have been fabricated. It was found that the device produced from 
the as-deposited GaN thin film exhibited better performance than the annealed one. The isotype heterojunction 
n+-GaN/n-Si photodiode exhibited exceptional performance in detecting NIR light at a wavelength of 1050 nm 
under a 0 V bias. It has a full-width at half-maximum (FWHM) value of 120 nm and achieved a photoresponsivity 
value of 355 mA/W at a light output of 10 mW/cm2. It is further supported by its external quantum efficiency of 
42% and detectivity value of 6.93×1011 Jones at the peak wavelength and very fast response speed with ~33 µs 
rise/fall times. These findings highlight the potential of photodiode as an efficient narrow-band in the NIR 
region.   

1. Introduction 

III-N semiconductor structures (GaN, InN, AlN) and their ternary 
compounds are commonly used in semiconductor device fabrication due 
to their direct and wide band gaps (0.7–6.2 eV). Photodiodes (PDs), 
high-power transistors, light-emitting diodes (LEDs), laser diodes (LDs), 
and high electron mobility transistors (HEMTs) can be given as examples 
of such devices. These electronic components have applications in 
various areas, such as the automotive industry, military applications, 
aerospace, and many other fields [1–12]. PDs are produced using 
Schottky, metal-semiconductor-metal (MSM), metal-oxide-semi 
conductor (MOS) structures, and other semiconductor junctions 
[13–15]. Besides, they are categorized into two groups based on the 
width of their responsivity spectrum: broadband and narrow-band PDs 
[16–18]. Broadband PDs are commonly used due to the wide absorption 
ranges of semiconductor materials. Although broadband PDs have a 
wide application area, some applications require narrow-band PDs that 

can operate in specific wavelength ranges. It can provide a narrow-band 
detection feature by adding optical filters to broadband PDs. However, 
achieving narrow-band detection capability through optical filters 
brings disadvantages such as larger device sizes, design complexity, and 
higher prices. For this reason, producing cost-effective, filterless 
narrow-band PDs with desired sizes has become crucial. In recent 
studies, organic semiconductors and perovskite materials have been 
preferred for fabricating narrow-band photodiodes since they exhibit 
true-narrow-band absorption behavior. They also have disadvantages 
such as potential instability, limited operational lifespan, and cost im
plications [19,20]. Plasmonic grating-enhanced Schottky narrow-band 
PDs are available; however, their production requires techniques such 
as e-beam deposition and lithography [21]. Hyper-doped Si-based 
narrow-band PDs produced using femtosecond laser melting and surface 
doping with chalcogens (S, Se, Te) and transition metals (Au, Ti, Ni). 
Still, their manufacturing processes are costly [22]. The narrow-band 
n+-GaN/n-Si heterojunction PDs produced in this study are based on a 
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charge-collection-narrowing (CCN) process similar to that in 
hyper-doped Si PDs. Besides, its production technique is simpler and 
more economical. 

In the growth of GaN thin films, methods such as metal-organic 
chemical vapor deposition (MOCVD), metal-organic vapor phase 
epitaxy (MOVPE), and molecular beam epitaxy (MBE) are commonly 
employed [23–25]. Until now, various III-N-based photodiode structures 
have been fabricated and investigated. Some of these studies are out
lined below. A MoS2/GaN p-n photodiode has been reported to exhibit 
self-driven operation in the 265 nm deep ultraviolet (DUV) range and 
has a photoresponsivity of 187 mA/W [26]. A p-GaN/n-ZnMgO struc
ture demonstrated a zero-bias response of 196 mA/W under 362 nm UV 
illumination, with turn-on and turn-off times of 1.7 ms and 3.3 ms, 
respectively [27]. Neha Aggarwal et al. investigated the charge trans
port mechanisms of different metals (Au, Ti/Al, and Al) in GaN-based 
metal semiconductor metal MSM structures [6]. Beyond p-n junctions, 
n-n and p-p isotype structures exhibit distinct characteristics, most 
notably wavelength-dependent polarity-switching behavior [28,29]. 
Variable polarity enables photodiodes to operate at different wave
lengths depending on the applied voltage. Furthermore, isotype struc
tures with self-driven capabilities are also present in narrow-band 
photodiode applications. For instance, Georgios Chatzigiannakis and his 

team developed a wide spectral range variable-polarity n+-ZnO/n-Si 
heterojunction photodiode. They demonstrated its operation under 
various bias conditions in the UV–visible and near-infrared (NIR) re
gions [16]. In addition to these studies, self-driving wave
length-selective p-SnS/p-Si heterojunction devices are available [17]. 
Recently, a study reported the production of self-driven, filterless, 
narrow-band p+Cu2S/p-Si isotype heterojunction structures operating in 
the near-infrared region, which resulted in improved performance out
comes [30]. 

In this study, a thermal evaporation (TE) device was employed for 
GaN thin film growth, followed by annealing of the films in a Nitrogen 
(N2) environment at 450◦C for 30 minutes. The electrical and structural 
properties of the as-deposited and annealed structures were examined 
using FESEM, XRD, XPS, Hall Effect measurements, PL, and a UV-Vis 
spectrophotometer. According to the literature review, no published 
article exists in which thermal evaporation is used as a different method 
for conventional epitaxial GaN thin film growth, apart from the con
ventional method. The advantage of this method in this study over 
epitaxial thin film growth methods includes a rapid production process, 
environmentally friendly, absence of toxic gas emissions, no require
ment for precursor solutions during production, and no need for extra 
filtration within the vacuum system. The electrical and structural 

Fig. 1. FESEM images of the GaN layer deposited on n-Si substrate, both in the (a) as-deposited condition and (b) after annealing at 450◦C, (c) XRD patterns.  
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properties of as-deposited and annealed samples were determined, fol
lowed by the analysis of the photodiode properties of the n-GaN/n-Si 
isotype heterojunction structure. The results show that the photodiode 
properties of the Al/n+-GaN/nSi/Ag heterojunction outperformed those 
of the annealed structure. The Al/n+-GaN/nSi/Ag heterojunction 
demonstrated a narrow-band photodiode with a full-width at half- 
maximum (FWHM) of 120 nm at wavelength of 1050 nm and a photo
responsivity of 355 mA/W under zero-bias conditions. This study pre
sents the successful development of a cost-efficient GaN-based 
photodiode with narrow-band detection capability achieved through a 
straightforward fabrication process. 

2. Experimental section 

The GaN thin films were produced using the physical vapor deposi
tion method known as TE. In this method, the desired material is 

evaporated by heating it to high temperatures under a high vacuum and 
deposited on the desired material. In comparison to traditional epitaxial 
thin film growth methods, the TE method employed in this study offers 
several advantages. Among these advantages, since there is only nitro
gen gas and GaN pellet in the chamber during coating, nitrogen gas is 
released into the atmosphere during production. In this case, there is no 
harm to the environment, and there is no need for additional filtration in 
the vacuum system. There is no need for precursor chemicals to be added 
when evaporating GaN pellets. 

Cleaning of the glass and Si substrates involved a 10-minute treat
ment with deionized water, acetone, and isopropanol, respectively. 
Then, they were dried using a high-purity dry nitrogen gas blow. To 
eliminate the native oxide layer on the Si substrates, a chemical etching 
process was performed for 1 minute in a 10% (v/v) HF acid solution. 
This was followed by rinsing with deionized water and drying with ni
trogen gas. The GaN powder material with a purity of 99.99% (Alfa 

Fig. 2. Absorption, transmittance, and reflectance graphs corresponding to wavelength are shown for (a) as-deposited, (b) annealed at 450◦C, as well as the Tauc plot 
for (c) as-deposited and (d) annealed samples. Photoluminescence spectra of the GaN thin film grown on (100) n-Si substrate, showing (e) as-deposited (n+-GaN/n-Si) 
and (f) 450◦C annealed (n-GaN/n-Si). 
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Aesar) was pelletized and placed within the TE source. Then, soda lime 
glass and n-Si substrates, each measuring 25×25 mm2, were positioned 
16 cm above the evaporation source, and the vacuum chamber was 
sealed. The chamber was vacuumed until reaching a base pressure of 
5×10− 6 torr through mechanical and turbomolecular pumps. Subse
quently, nitrogen gas was introduced through a mass-flow controller, 
and the evaporation was conducted at a 2×10− 4 torr partial pressure of 
N2 with an evaporation source current of 186 A. The thickness of the 
GaN thin film was measured as 50 nm during the deposition with two 
Quartz Crystal Microbalances (QCM). 

GaN thin films were annealed under nitrogen flow at 450◦C for 
30 min. To evaluate the diode properties of GaN thin films, n+-GaN/n-Si 
(as-deposited) n-GaN/n-Si (450◦C annealed) heterojunction structures 
were fabricated. Ohmic contacts (Fig. S3, Supporting Information) on 
the n-GaN side involved the deposition of 100 nm-thick aluminum (Al) 
contacts in the shape of point contacts with a diameter of 1.5 mm. This 
process was carried out using a dot-shaped shadow mask. For n-Si, 
100 nm thick silver (Ag) metal was chosen as the back ohmic contact. 
These contact metals were chosen to achieve better ohmic behaviors for 
Si wafer and GaN thin film layers. While an ohmic contact occurs be
tween Al metal and n-GaN, a Schottky barrier forms between Al and n-Si, 
thus Ag metal was used to obtain ohmic contact on n-Si [31–33]. 

The structural and electrical properties of as-deposited and annealed 
GaN thin films were investigated. For electrical characterization, a 
Ecopia HMS 3000 Hall Effect measurement system was utilized. Optical 
transmittance, absorbance, and reflectance measurements of samples 
coated on glass were determined using the Shimadzu UV-2600 UV-Vis 

Spectrophotometer. Photoluminescence measurements were conducted 
on the GaN/Si structures using the Perkin-Elmer LS-55 tool. The surface 
morphology of the thin films was imaged using a scanning electron 
microscope (Hitachi Regulus 8230 FE-SEM). The crystal structure was 
determined using the Panalytical EMPYREAN X-ray Diffraction (XRD) 
apparatus. Thermo-Scientific K-Alpha X-ray Photoelectron Spectrometer 
(XPS) was used to identify molecular structure. The energy of the X-ray 
source used was 1486.7 eV Al-Kα, and data were acquired from a depth 
of 10 nm below the surface. 

3. Results and discussion 

The surface FESEM images of n-Si substrates (100) with grown GaN 
thin films are shown in Fig. 1a and b. Upon examination, the images 
reveal the homogeneous distribution of GaN over the surface. The 
FESEM image presented in Fig. 1a corresponds to the GaN sample as it 
was deposited. The small, bright, and spherical shapes observed in the 
image indicate regions, where Gallium (Ga) atoms are densely accu
mulated, with the intensity, spread uniformly across the entire surface. 
In Fig. 1b, the image belongs to a sample that was annealed in a nitrogen 
environment at 450◦C for 30 minutes. It can be seen in Fig. 1b that the 
density of bright spherical structures dispersed over the surface, asso
ciated with metallic Ga decreases with annealing. 

The crystalline properties of GaN thin films deposited on (100) Si 
wafers using the TE method were investigated through X-ray diffraction 
(XRD). The as-deposited and annealed (450◦C) GaN thin films were 
analyzed. The obtained diffraction pattern was compared to literature 

Fig. 3. Surface analysis of the GaN thin film deposited on n-Si using X-ray Photoelectron Spectroscopy (XPS) (a), Ga 3d core level and N1s core level (b and c) as- 
deposited, (d and e) annealed at 450◦C, respectively. 
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2theta values, and peaks were matched, as shown in Fig. 1c (PDF Entry 
No. 01–070–2562, 01–076–0703, 01–079–0622, and 01–079–2499). 
The XRD analysis revealed that the (100) oriented dominant hexagonal 
phase at 33.18◦ becomes more prominent after annealing. 

Optical measurement results of the as-deposited and 450◦C annealed 
samples are presented in Fig. 2a and b. Fig. 2a displays the absorption, 
transmission, and reflection results against wavelength for the as- 
deposited sample. FESEM/EDS (Fig. S1, Supporting Information) and 
XPS analyses show that GaN loses nitrogen and becomes enriched in Ga 
during evaporation. 

Consequently, the sample exhibits low transmittance and high 
reflection due to its metallic surface. Fig. 2b provides the results for the 
samples after annealing. The annealing process facilitates the N-bonding 
of N-deficient GaN and metallic Ga in the material, leading to the ex
pected increase in optical transmittance. 

Utilizing the optical data, the (αhν)2–hν graphs obtained through the 
Tauc equation are presented in Fig. 2c and d [34]. The points where the 
tangent lines drawn from the linear segments of these graphs intersect 
the hν axis correspond to the energy band gap (Eg) values of the thin 
films. For the as-deposited and 450℃ annealed samples, the Eg values 
were determined to be 3.6 eV and 3.7 eV, respectively. In literature, 
GaN produced using single crystal growth methods typically exhibits a 
band gap of around 3.4 eV [35]. The higher Eg value observed in this 
study can be attributed to the interaction of oxygen atoms with Ga in the 
molecular structure, which is a result of the deposition method [36]. 

The photoluminescence measurements of the as-deposited and 
450◦C annealed GaN thin films are depicted in Fig. 2e and f. In Fig. 2e, 
the dominant ultraviolet (UV) peak in the as-deposited thin film was 
attributed to the recombination of electron-hole pairs in GaN. However, 
inset graphs show the visible photon emissions within the material and 
at the heterojunction interface. [37–40]. 

This photon emission is due to the broad deep-level (DL)-associated 
emission (or trap-state emission) in the visible range attributed to the 
surface and interface defects in the heterojunction. The ratio of UV 
(300− 425) and DL (425− 600) emission peaks (IUV/IDL) obtained from 
PL measurements is the ratio that allows us to understand the surface 
defects in the material. Here, a low IUV/IDL ratio corresponds to high- 
density surface defects, while a high IUV/IDL ratio corresponds to low- 
density surface defects [41–43]. The IUV/IDL ratios obtained for the 
as-deposited and 450◦C annealed materials were calculated as 4.942 and 
2.589, respectively. 

Under normal conditions, annealing is expected to reduce defect- 
related interband emissions [16]. However, it was observed that the 
photoluminescence intensity in the visible range increases, as depicted 
in the inset graphs, contrary to the expected reduction due to 
defect-related emissions (see Fig. 2e and f). 

When the as-deposited material is excited, it is hypothesized that 
photon emissions from defect states are recaptured by photon traps 
within the material, making them undetectable by the detector. On the 
other hand, in the 450◦C annealed thin film, the reduction in defect 
density and the decrease in trap-related emissions in intermediate states 
allow defect-related photon emissions to be detected by the detector 
without being trapped within the material. Hence, it may be thought 
that the intensity value of the annealed material increases due to these 
factors. 

XPS was utilized to provide detailed insights into the molecular 
structure of the fabricated thin films by providing information about the 
elemental-level electronic states of the material. Fig. 3a illustrates the 
general surface scan graph obtained from the XPS analysis of the GaN 
thin film, with identified peaks corresponding to Ga3d, Ga3p, Ga3s, C1s, 
N1s, Ga-LMM, and O1s. Furthermore, the peaks identified in this study 
correlate with those found in the literature [44–53]. 

In the XPS spectrum of the Ga3d region shown in Fig. 3b, when the 
as-deposited sample was deconvoluted, it was determined that four 
distinct sub-peaks emerged. The main component of the Ga3d peak 
corresponds to the Ga-N peak with a binding energy of 19.77 eV[47,50, 

54]. The sub-peak with a binding energy of 18.78 eV corresponds to 
Ga-Ga bonding[47,54]. The sub-peak at 17.46 eV arises from over
lapping N2s states [47,55]. The sub-peak with a binding energy of 
20.00 eV represents the Ga-O bond [44,47,54]. In Fig. 3d, upon exam
ining the XPS graph of the thin film annealed at 450℃, it can be 
observed that the N2s state has disappeared. The absence of the N2s 
state and the decrease in the intensity of the Ga-Ga peak indicate a 
strengthening of the Ga-N bond. Besides, the shift of the Ga-N peak from 
19.77 eV to 19.95 eV shows that O atoms are also bonded into the Ga-N 
structure. The likely reason for the increase (3.6 eV to 3.7 eV) in 
bandgap is probably due to the formation of Ga-O bonds. The Ga-O bond 
has greater ionicity than Ga-N, as O (3.5) electronegativity is greater 
than that of N (3.0), leading to an increase in the bandgap[56–60]. 

The N1s graphs in Fig. 3c and e show different bonding states of 
nitrogen. Upon examining the XPS data of GaN films in the literature, it 
is observed that the energy of the N1s peak is generally close to the 
characteristic binding energy of the Ga-N bond, which is typically 
around 396.9 eV [37,45,50,61]. However, variation in chemical states 
or surface interactions can lead to shifts in the binding energy of the N1s 
peak. When nitrogen atoms bond with oxygen or interact with other 
elements, the binding energy of the N1s peak can change [37]. In Fig. 3c, 
the satellite peak at a binding energy of 394.3 eV next to the N1s peak 
indicates the Ga-LMM peak. In the graph presented in Fig. 3e, it can be 
observed that this satellite peak has shifted to an energy level of 
393.8 eV [45]. This peak represents different bonding states of Ga. The 
letter "L" indicates that photoelectrons originate from the inner shells of 
Ga (L shell). "MM" denotes the energy levels of photoelectrons from the 
outer shells (M shell) of Ga. The presence of Ga-LMM peaks indicates the 
existence of various chemical states of Ga and suggests different bonding 
environments. For instance, Ga atoms might have different oxidation 
states or might have interacted with other elements on the surface. 

The current-voltage measurements were conducted for the Al/n+- 
GaN/n-Si/Ag and Al/n-GaN/n-Si/Ag heterojunction diodes to deter
mine their diode parameters. The measurements were conducted within 
the ±2 V bias range, and semi-logarithmic current-voltage curves were 
plotted, as depicted in Fig. 4a and b. 

Fig. 4. Semi-logarithmic current-voltage (I-V) curves of the n-n isotype heter
ojunction, grown on (100) n-Si substrate, in (a) as-deposited (Al/n+-GaN/n-Si/ 
Ag), and (b) 450◦C annealed (Al/n-GaN/n-Si/Ag). 
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Fig. 5. As deposited n+-GaN/n-Si photodiode under zero bias, (a) Energy band diagram, (b) Illumination in the UV-Vis region, (c) Illumination in the infrared region, 
(d) Photocurrent, (e) Photoresponsivity, (f) External Quantum Efficiency (EQE), and (g) Detectivity (D). 
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When the carrier concentrations of the grown GaN thin films were 
measured using the Hall Effect, the as-deposited sample exhibited a 
carrier concentration of 6.17×1022 cm− 3. In contrast, the sample 
annealed at 450◦C showed a reduced value of 2.3×1012 cm− 3. Addi
tionally, the carrier concentration of the n-Si substrate was determined 
as 4.97×1014 cm− 3 via Hall Effect measurement. 

The difference in carrier concentrations between the heterojunction 
indicates the presence of a one-sided band bending, which implies that 
the current-voltage characteristics adhere to the Theory of Thermionic 
Emission [62]. For both the Al/n+-GaN/n-Si/Ag and Al/n-GaN/n-Si/Ag 
heterojunction diodes, the ideality factor, saturation current, and barrier 
height values were calculated using the thermionic emission theory. For 
the as-deposited sample, these values were 1.98, 6×10− 6 A, and 0.65 eV, 
while the values for the annealed sample were 2.03, 3×10− 6 A, and 
0.66 eV, respectively. (Eq. S1, S2, S3, S4 Supporting Information) 

One of the essential characteristics of a photodiode is its photo
responsivity. Photoresponsivity is related to how much current the 
photodiode generates in response to the intensity of incident light on the 
surface. For both the n+-GaN/n-Si and n-GaN/n-Si isotype hetero
junction structures, under zero-bias conditions, spectral light respon
sivity measurements were conducted based on the photon wavelength. 
The responsivity spectra presented in Fig. 5e and 6e were calculated 
using the photocurrent spectra shown in Fig. 5d and 6d and the 
expression for Rλ given by Eq. (1). [30] 

Rλ =
Iph

Pλ
=

Iλ − Id

Eλ • S
(1) 

Here, Iph photocurrent, Pλ is the incoming light power, Iλ is the 
photocurrent, Id is the dark current, Eλ is the light power density 
(Fig. S2, Supporting Information), and S is the effective illuminated 
area. For the n+-GaN/n-Si photodiode, the measured photocurrent value 
at the peak wavelength around 1050 nm is 0.13 mA under zero-bias 
conditions, and the photoresponsivity value is calculated to be 
355 mA/W. The External Quantum Efficiency (EQE) and Detectivity (D) 
values (Eq. S5, S6, Supporting Information) at the same peak wave
length are calculated as 42% and 6.93×1011 Jones, respectively (Fig. 5f 
and g) [30] which are a good compared to literature (see Table 1). 

In Fig. 5d and e, the photocurrent and spectral photoresponsivity 
values of the as-deposited material exhibit negative currents within the 
range of 350 nm to 870 nm. This switching polarity between negative 
and positive currents is observed in isotype heterojunction structures 
[16,17,28–30]. The phenomenon of switching polarity can be explained 
via the energy band diagram. Electrons in both sides’ conduction bands 
of the photodiode can easily cross the ΔEc value, contributing to the 
diffusion current [62,63]. However, holes in the valence band can only 
pass across from the n+-GaN side to the n-Si side due to the high ΔEv 
value [62,63]. The energy band diagram of the n+-GaN/n-Si photodiode 
is provided in Fig. 5a. According to this diagram, when the photodiode is 
illuminated in the UV-Vis range (350 – 870 nm), it can be observed that 
the electron in electron-hole pairs generated on over-doped n+-GaN side 
easily surpass the ΔEc threshold and migrate to the n-Si side, thereby 

contributing to the diffusion current. To gain a more detailed under
standing of this mechanism, photoluminescence (PL) measurement was 
utilized. In GaN produced using single crystal growth methods, defects 
are minimal. Consequently, photons are not absorbed when exposed to 
visible and longer wavelengths; thus, no photocurrent is generated. 
However, the GaN thin films produced in this study were not single 
crystals and did not exhibit a higher defect density. The peak in the UV 
region of the PL graph arises from the recombination of electron-hole 
pairs in GaN. In contrast, the peaks in the visible region stem from in
termediate band levels caused by defects within the material. As a result, 
a portion of the visible light spectrum is captured by photon traps within 
the GaN before reaching the n-Si side. Consequently, the contribution of 
the photocurrent generated on the n-Si side decreases. Since the 
photocurrent generated on the n+-GaN side is greater than that gener
ated on the n-Si side, a negative polarity current is formed [16,17, 
28–30]. Therefore, as in the current transport mechanism shown in 
Fig. 5b, in the photodiode illuminated in the UV-Vis region (350 – 
870 nm), the resulting net photocurrent was shifted to the negative re
gion. In Fig. 5c, when the photodiode was illuminated in the NIR region 
(870–1250 nm), the photons passed through the n+-GaN region and 
were absorbed by the n-Si side, forming electron-hole pairs. From these 
formed electron-hole pairs, electrons can easily pass to the other side, 
but holes cannot surpass the high ΔEv value and begun to accumulate. 
Therefore, the photocurrent was only generated on the n-Si side, pro
ducing a positive photocurrent [16]. Comparison of n+-GaN/n-Si and 
n-GaN/n-Si self-powered narrow-band near-infrared photodiodes with 
the leading narrow-band NIR photodiodes in the literature are given in 
Table 1. 

The photoresponsivity graph presented in Fig. 6e for the photodiode 
annealed at 450◦C was explained using the energy band diagram and 
photoluminescence measurements. The energy band diagram of the n- 
GaN/n-Si photodiode is shown in Fig. 6a. According to the Hall Effect 
measurement, the annealing process reduced the carrier concentration 
of GaN to a value of 2.3×1012 cm− 3. When examining the band diagram 
of the photodiode, it is observed that the ΔEc value in the conduction 
band is tiny. In this case, it is considered that the energy of the incoming 
photons on the photodiode will be sufficient to overcome the ΔEc value 
of electrons and contribute to the photocurrent. 

When the photodiode is illuminated in the UV-Vis region, it can be 
seen from the absorption spectrum (see Fig. 2b) that photons with 
wavelengths shorter than 350 nm are absorbed by GaN. Therefore, most 
photons with wavelengths longer than 350 nm pass to the n-Si side, 
where they are absorbed to generate electron-hole pairs. Still, it can be 
seen in Fig. 2f that some of the photons are captured by the trap levels. 
As a result, electrons from the electron-hole pairs formed on the n-Si side 
overcome the small ΔEc and pass to the n-GaN side, creating a positive 
photocurrent (see Fig. 6b). 

When light was directed to the photodiode in the NIR spectrum, a 
situation similar to that in the as-deposited photodiode emerged 
(Fig. 6c). Photons reached the n-Si side of the photodiode, resulting in 
the formation of electron-hole pairs. Electrons moved across the 

Table 1 
Comparison of n+-GaN/n-Si and n-GaN/n-Si self-powered narrow-band near-infrared photodiodes with leading narrow-band NIR photodiodes in the literature.  

Device Bias (V) λ (nm) Rλ (mA/W) D* (Jones) EQE (%) FWHM (nm) Rise/Fall 
Times (µs) 

References 

Al/n+-GaN/n-Si/Ag  0  1050  355 6.93£1011 42 120 33.8 / 33.0 This work 
Al/n-GaN/n-Si/Ag  0  1090  9 5.40×1010 1  34.8 / 78.7 This work 
CuGaTe2/Si  0  1050  114 2.01×1012 71 

(-3 V) 
~118  [18] 

MAPb(IyBr1-y)3/ glass/ITO/PEDOT:PSS/ MAPb(IxBr1-x)3/PCBM/Ag  0  1100  331 4.27×1010 50 ~50 ~180 / 200 [19] 
ITO/PEDOT:PSS/DPP-DTT:PCTOBM/C60/Al  1  950  52 1012 8 <90 - [20] 
ITO/PEDOT:PSS/ P3HT:BEH:F6TCNNQ /Al  -13  850  27  29,700  624×103 [21] 
Si:Ag  -3  1310  504  48  ~179 [22] 
InGaN/Si  0  1060  0.25   120  [64] 
ITO/SnO2/PDTP-DFBT:PC71:BM:PbS-QDs/BCP/Ag  -7  890  1310 7.98×1011 183 <50 14.8 / 32 [65] 
Perovskite/glass/ITO/CuPc/C60:PbPc/C60/BCP/Al  -5  808  1090 2.23×1011 167 ~60  [66]  
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Fig. 6. 450◦C annealed n-GaN/n-Si photodiode under zero bias, (a) Energy band diagram, (b) Illumination in the UV-Vis region, (c) Illumination in the infrared 
region, (d) Photocurrent, (e) Photoresponsivity, (f) External Quantum Efficiency (EQE), and (g) Detectivity (D). 
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conduction band to the GaN side to generate a photocurrent, while the 
holes could not overcome the high ΔEv value and started accumulating. 
As seen in the photoluminescence spectrum (Fig. 2f), interband states 
corresponding to shorter wavelengths trap some of these photons. Thus, 
it prevents some of the photons from passing through and being absor
bed by the n-Si side, causing the photocurrent to decrease at wave
lengths below 870 nm. The photocurrent shows a sudden increase in the 
wavelength range between 870 nm and the absorption edge of Si. Under 
zero bias voltage, a maximum photocurrent value of 2.9 µA was 
measured at a wavelength of 1090 nm in this context. The obtained 
photoresponsivity value from the photocurrent was 9 mA/W. Similarly, 
the external quantum efficiency and detectivity values were 1% and 
5.4×1010 Jones, respectively. 

Frequency-dependent transient photocurrent measurements were 
conducted to examine the stability and reversibility of the photo
response behavior of the photodiode. The measurements were carried 
out using a 940 nm infrared light-emitting diode (IR LED) modulated 
with different frequencies by a function generator. The Al/n+-GaN/n-Si/ 
Ag and Al/n-GaN/n-Si/Ag photodiodes were connected to a Tektronix 
TBS2102B digital storage oscilloscope through a photodiode amplifier 
(ThorLabs PDA200C). Transient photocurrent measurements were per
formed over a frequency range from 1 kHz to 100 kHz, and in Figs. 7a, b, 
8a, and b, normalized photocurrent graphs of both the Al/n+-GaN/n-Si/ 
Ag and Al/n-GaN/n-Si/Ag photodiodes obtained from transient photo
current measurements, respectively. The graph of signal amplitude 
against modulation frequency is illustrated and presented in Figs. 7c and 
8c. The cutoff frequency is an essential parameter for determining the 
actual operating range of the photodiode. The 3 dB frequency point 

corresponds to the frequency at which the photocurrent drops to 70.71% 
of its initial value[67–70]. The Al/n+-GaN/n-Si/Ag and the 
Al/n-GaN/n-Si/Ag photodiodes exhibited a − 3 dB bandwidth of 
approximately 14.5 kHz and 7.5 kHz at modulation frequencies, 
respectively. 

The rise and fall times of the photodiode, defined as the time dif
ference for the photocurrent signal to rise from 10% to 90% and vice 
versa, were provided in Figs. 7d and 8d for the Al/n+-GaN/n-Si/Ag and 
the Al/n-GaN/n-Si/Ag [68]. As seen in Fig. 7d, the rise and fall times for 
Al/n+-GaN/n-Si/Ag were determined to be τr = 33.8 µs, τf = 33.0 µs. 
Also, as seen in Fig. 8d, rise and fall times were calculated as τr = 34.8 
µs, τf = 78.7 µs for Al/n-GaN/n-Si/Ag. Illumination power-dependent 
photocurrent measurements were conducted under zero-bias condi
tions with a setup that consists of a 976 nm fiber laser, ThorLabs 
MC2000B optical chopper controller, and a MC1F10 optical chopper 
blade. Illumination intensities were varied by driving the using with five 
different laser powers. Illumination intensities on the photodiodes were 
recorded as 4.7, 16.1, 26.7, 38.0, and 43.2 mW/cm2 using a Thorlabs 
PM100D Compact Power and Energy Meter Console and S401C Thermal 
Power Sensor Head. Figs. 7e and 8e show transient photocurrent graphs 
of both photodiode devices at a frequency of 500 Hz as a function of 
illumination powers. To understand the relationship between optical 
illumination power (P) and photocurrent (IPh), the curve IPh ∝ Pα is 
fitted. Here, α is the coefficient. In Figs. 7f and 8f, the fitted coefficients 
for the relationship between IPh and P are obtained as α=0.341 and 
α=0.481, respectively. The non-linear power dependency of the 
photocurrent reflects the significant impact of trap states that are 
prevalent in the photoconductive mechanism [68,70–72]. 

Fig. 7. Transient photocurrent was investigated during the illumination of an Al/n+-GaN/n-Si/Ag photodiode, employing a 940 nm infrared light-emitting diode 
(LED) modulated by a function generator for (a) 5 kHz and (b) ~15 kHz cut off frequency (c) modulation frequency dependence of normalized photocurrent and 3 dB 
bandwidth of the device at zero bias. (d) Normalized photocurrent in one cycle to show the rise and fall time. (e) Photocurrent with 976 nm fiber laser at different 
powers at the optical chopper with 500 Hz frequency (f) Photocurrent as a function of the power of incident light for 976 nm fiber laser. 
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4. Conclusion 

In this study, n-type GaN thin films were grown on n-Si wafers using 
the TE method to produce n+-GaN/n-Si (as-deposited GaN) n-GaN/n-Si 
(annealed GaN) isotype PDs. The characteristics of the produced thin 
films were examined using FESEM, XRD, XPS, Hall Effect, PL, and UV- 
Vis spectrophotometer. The as-deposited thin films exhibited a trans
mittance of approximately 5% at a wavelength of 550 nm, and their 
carrier concentration was determined as 6.17×1022 cm− 3. The trans
mittance of the annealed thin films was observed to increase up to 80% 
at 550 nm wavelength, and the carrier concentration was observed to 
decrease to 2.3×1012 cm− 3. XPS analysis also supported the enhance
ment of the molecular structure through the annealing process. 

When analyzing the photodiode characteristics of the produced de
vices, it was observed that the Al/n+-GaN/n-Si/Ag PD exhibited better 
properties. The isotype n+-GaN/n-Si PD showed superior near-infrared 
(NIR) light detection capability at 0 V bias. Measurements indicate 
that at a wavelength of 1050 nm and with an illumination intensity of 
10 mW/cm2, the photoresponsivity value was 355 mA/W, and the 
FWHM value was 120 nm. Similarly, the external quantum efficiency 
(EQE), and the detectivity value at the peak wavelength were calculated 
as 42% and 6.93×1011 Jones, and very fast response speed with ~33 µs 
rise/fall times. respectively. These values reveal that the n+-GaN/n-Si 
heterojunction photodiode can be used as a narrow-band detector in the 
NIR region, and that the TE technique can be used as a rapid and cost- 
effective alternative method for manufacturing GaN-based semi
conductor devices. 
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