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Abstract

In this paper, a two-dimensional (2D) numerical simulation study of a p"-n-n" AlGaN-based ultraviolet
(UV) photodetector, which is designed to achieve true solar blindness with a cutoff wavelength of 0.31
um, is presented. The device performance is evaluated by investigating both the current density-voltage
characteristics and the spectral response (SR). The proposed structure is optimized in terms of the
fundamental geometrical and doping parameters. During the simulations, it was found that the detector
is sensitive to the UV rays in the 0.155-0.37 um wavelength range and the spectral response can reach
0.156 AW"! under a light intensity of 1 Wcm at zero-bias voltage and room temperature. This SR peak
value increases further under reverse bias conditions. The temperature effect on the detector SR and the
impact of an explicit trap concentration located into the p* and n region are also investigated. The
spectral response decreases for a temperature exceeding 420 K. At the same time, the SR reference
values begin to be affected only for acceptor and donor trap densities that are much higher than the local
(total) doping concentration.

Keywords: AlGaN, Numerical Simulation, Photodetector, Spectral Response, Trap Density.

1. Introduction

Semiconductor-based radiation detectors have been developed for several applications in various
fields, which involve, for example, industrial and medical sectors as well as astrophysics, control, and
environment.

Gallium Nitride (GaN) is one of the most interesting semiconductor compounds well suited to be
used in any application in which the temperature and/or level of radiation could damage conventional
silicon (Si) or gallium arsenide (GaAs) electronics [1]. Compared with other materials, the most
attractive properties of GaN are the wide bandgap (3.4 eV), high saturation velocity, high thermal
conductivity, strong breakdown electric field, and ability to form high quality heterostructures with good
transport properties [2]. In recent years, a large number of GaN-based devices have been developed,
such as light-emitting diodes, laser diodes, photodetectors, and particle detectors [3-7]. In addition, the
detection of ultraviolet (UV) radiation by means of GaN devices has gained a great interest in many
important areas requiring high performance photodetectors, low dark current, and high sensitivity as,
for example, optical space communications, reactor monitoring, missile detection, flame detection,
detection of biological and chemical agents, ozone layer monitoring and quantum optics [8-11].
Different types of GaN and Al:Ga,..N compounds-based photodetection structures have been studied,
namely simple PN junctions [12,13], PIN structures [ 14-16], metal-semiconductor-metal structures [17-
19], AlIGaN/GaN and InGaN/GaN heterojunctions [20,21], and Schottky structures [22,23].

In the last decade, in particular, AlGaN-based p*-n-n* UV photodetectors have been extensively
proposed [24-36]. In most of these photodetectors, the light must pass through a so called "window"
layer before reaching the absorbing layer (n-region). These photodetectors often operate under a low
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reverse bias with a relatively constant electric field across the entire n-AlGaN layer where a space charge
region is formed [36]. From the literature data, the performance of several p*-n-n" UV-light detectors
based on the AlGa;..N ternary compound is summarized in Table 1.

Table 1. Performance of several p*-n-n" photodetectors at room temperature.

)\,pic )ucut-off
nm) (nm)

SR peak
at 0V (AW

Lightening (

GaN Alo.17Gao.ssN GaN Front 350 375 0.114(-15V) [24]
GaN Alo.17Gaoss N GaN Back 350 375 0.067(-15V) [24]
GaN Alo33Gao.eTN GaN Front 287 360 0.057 [25]
GaN Alo4aGaoss N AlosaGaose N Front 270 365 0.12 [26]
AlxGaixN
GaN Alo30Gao.70N (x> 0.30) Back 285 350 0.08 [27
Alo40GaoeoN  Alo.a0GaosoN  Alo.4oGao.coN Back 278 289 - [28]
0.058
Alo47GaossN  Alo39GaosiN  Alo47GaossN Back 279 291 0.07 (-5V) [29]
0.09
AloasGaos2N  AloasGaosaN - Alo.s7Gao.asN Back 269 279 0.11 (-5V) [30]
Alo46GaosaN  AloasGaosaN  AlosaGaoasN Back 272 280 - [31]
0.0862
Alo3sGaoe2N  Alo.40GaocoN  Alo.4sGao.ssN Back 279 285 0.129 (-40V) [32]
P*-SiC AIN/i-SiC Alo.s0Gao 20N Front 242 260 0.15(-40V) [33]
Alo3sGaoe2N  Alo.40GaocoN  Alo.asGao.ssN Back 278 285 0.109 [34]
0.12
AloasGaossN  AloasGaossN - AlossGao.asN Back 269 281 0.149(-5V) [35]

In this work, we investigated a high responsivity p"-n-n" Al,Ga;..N UV photodetector for frontal
lighting where an aluminum (Al) molar fraction x = 0.17 was fixed to obtain a bandgap energy of 3.99 eV
at room temperature. This value was calculated by using [37]

Ey(x,T) = xE{™(T) + (1 — x)ESN(T) — 0.6x(1 — x) (1)

where EZN(T) and ES®N(T) are temperature-dependent constants [37]. More in detail, a two-
dimensional (2D) numerical analysis was developed by means of the physical device simulator Atlas-
Silvaco [38] solving the Poisson’s equation and the carrier continuity equations. The thickness and
doping concentration of the p'-region were carefully optimized. The effect of different radiation
wavelengths on the device current capabilities, as well as the temperature effect and the impact of an
explicit trap density in both the device p* and the n regions on its spectral response (SR) were also
evaluated. The detector SR can reach 0.156 AW under a light intensity of 1 Wem™ at zero-bias voltage
and room temperature. This SR peak value increases further under reverse bias conditions. The detector
cut-off wavelength is 0.31 um, which guarantees a true solar blindness.

2. Device structure and parameters

The schematic cross section of the proposed Alo.17GaossN UV photodetector is shown in Fig. 1.
The simulated footprint area is 12 um?. The electrodes on the top and bottom of the device are both
ohmic contacts. In particular, the Ti/Al alloy, which is commonly used for GaN n-doped layers, is
assumed as cathode on the whole back surface. Platinum (Pt) with a work function of 5.65 eV [39] forms
the anode contact. Recently, in fact, it was experimentally highlighted that p-type AlGaN samples with
Pt as contact may exhibit a good ohmic behavior [39,40].



The Pt contact thickness is 5 nm and its length is 2.9 um. These geometrical parameters were
fixed after several attempts. In particular, the simulations under illumination reveal that an anode
thickness higher than 6 nm marks the set up of a significant decrease of both the carrier photogeneration
and the detector spectral responsivity. Devices with Pt contact thicknesses close to 5 nm were
characterized, for example, in [41,42].

The p* layer below the anode contact is 0.1 pum thick with a doping concentration of 1x10'® ¢m™.
The n-type intrinsic region has a thickness of 0.2 um and a doping concentration of 1x10'* cm?. The
main disadvantage of the p*-n-n" AlGaN-based detectors is the difficulty of forming high quality ohmic
contacts [8]. To overcome this problem, a highly doped thin layer of GaN below the n* region is put in
contact with the metal. For this reason, in the device structure in Fig. 1 we can see a 0.8 um-thick and
5x10' ¢cm3-doped n+-layer, and also a 0.2 um-thick and 8x10" ¢m™-doped n+-type GaN layer at the
cathode contact interface.

Cathode

Fig. 1. Alo.17Gags3N UV photodetector schematic cross section. The drawing is not in scale.
The presented device structure was modeled and finely meshed wherever appropriate during the
simulations, in particular into the p* region and at the p“/n and n/n" interfaces. The fundamental
simulation parameters assumed at room temperature are listed in Table 2.

Table 2. Physical model parameters assumed at 7= 300 K.

Parameters GaN AlGaN ‘

Eg (eV) 3.4 3.9
&r 9.5 9.2
74 (5) 10° 1010
7, (5) 10° 1010
Vsar (cms™) 0.95x107  1.5x107
x (eV) 4.1 4.02
Nc (em3) 2.65x 10" 3.09 x 10'8
Nv (em3) 2.5x10"%  1.03 x 102

Here, E, is the temperature dependent bandgap energy, ¢, is the material permittivity, 7, and 1, are the
carrier lifetimes, vy« is the carrier saturation velocity, y is the electron affinity, and N. and N, are the
electron and hole density of states varying with temperature. The simulation setup adopted in this work
has been also used in other recent papers of ours where the relative physical models are described in
detail [43-47].



2.1 p*-Region doping

To find out the optimal acceptor doping concentration N, of the p*-region, which corresponds to
the best detector performance in terms of SR, we performed several simulations for N, in the range
1x10" - 1x10' cm™. The obtained results at zero-bias voltage are shown in Fig. 2.
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Fig. 2. SR as a function of the doping concentrations in the p*-region under a light intensity of
1 Wem™ at zero-bias voltage and 7= 300 K.

From Fig. 2, the spectral response increases progressively with increasing the doping concentration
up to N, = 1x10'6 cm™. It reaches a maximum value of 0.156 AW-! and then begins to decrease gradually
and becomes 0.153 AW-! for N, = 1x10'” cm™. This SR behavior can be explained considering the
different thickness of the depletion region with respect to the increase of the doping concentration. In
particular, as it is well known, the photogenerated carriers in the depletion region are swept out by the
built-in electric field that increases with increasing the concentration of acceptor atoms in the emitter
region. However, at higher doping levels, a decrease of the carrier diffusion length determines an overall
decreasing of the photodetector output current as highlighted in Fig. 3 (a).

[IRELT -: 4
[y
e = = ==
{156 - --"'*i;.-.-fflllmn“
i i) L e ] LT T
T 0,152 ;
_r'% ! region doping
1::- a— | 10 e
.E\ 0,148 - — 4 00" e
'Lé ) T
T
ERUREEE e
E . : de— | D= 11 cma
3 ha o SRS -
0,140
=
n-,l_'.
[af
0,136 4
T v T u T v T v T v T
i) SETH ] S h] = =kl 0

Volage (V)



10

Current density (Acm ™}

104

Fig. 3. J(V) characteristics for different doping concentrations of the p*-region under a light intensity

1 ib)
B
.’.‘A'I#tp--""—""-
]:" L]
oy
R 53853
N g |
| = a0 4 ¥ reghen doprmy
il 2| = | 0s 107 !
U —_— |
E 24 @— S 00 gm |
g & [0 10" om!
|* E. IIIII-! _i'{.- w— 500 0" ot
o - 1 | - |u-||3-'-|.-|-|1I
|I-k‘-;i . .
i 3 4 § & T
1] Waltage (V)
T T T T T T T T T
LN ] 1.5 A0k 4.5 50 55 .4 6.5 1.0
Wollage (V)

of 1 Wem™ at T=300 K. (a) Reverse bias. (b) Forward bias.

An increase in the reverse current is observed with increasing the doping concentration of the p*-
region at low reverse biases. Then, a lowering of the curves occurs when the doping concentration
exceeds the value of 1x10'® cm™. In addition, by simulating the forward J(V) curves as shown in Fig. 3
(b), the device threshold voltage increases slightly with increasing N,. This current behavior is mainly

due to the increase of the voltage drop across the n-region.

2.2 p*-Region thickness

In the p*-n-n"* photodetectors, the n-region represents the most efficient location for absorption.
However, since the depletion region extends into the p*-region, the thickness of both the p* and n region
affects the SR value. The detector SR as a function of the p*-region thickness at zero-bias voltage and

T =300 K is shown in Fig. 4.

.18
NEE
0.14 4
R R
=
-
= {1, 4] =
#
E
£ .05 o
& .
B .06
'E |
w0
i region thickness
5 a2 im -4 {418 pm
O H 11 i = {1, |1} juin
e ik, (6 jum @— 0,12 wm | |
L1040
T T ¥ T T T ¥ T T T
16 020 24 (2% 132 036

Fig. 4. SR as a function of the p*-region thickness under a light intensity of 1 Wcem™ at zero-bias

Wavelength, 4 (pm)

voltage and 7= 300 K.

5



It can be seen that the spectral response behavior increases significantly with increasing the p*-
region thickness from 0.02 pum to 0.08 pum and the relative SR peak increases from 0.092 AW-! to 0.153
AW, respectively. However, when the p*-region thickness exceeds 0.08 um this effect is poor and the
SR peak stabilizes at a value close to 0.156 AW for a thickness of 0.1 pm. It is worthwhile noting that
the p'-region thickness increase makes it possible to absorb more incident photons that lead to an
increase in the photocurrent as shown in Fig. 5 (a) for reverse bias conditions. On the other hand, the
SR behavior tends to stabilize for a proper thickness value (i.e., 0.1 um in this case) when the curve is
mainly determined by the recombination phenomena.

Finally, it is noted that the forward J(V) characteristics are substantially unchanged for different
values of the p"-region thickness as shown in Fig. 5 (b).
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2. 3 n-Region thickness

The number of absorbed photons is related to the depletion region width w and absorption
coefficient & which depends on the wavelength. If the reflection on the surface of the illuminated
photodetector is neglected, the spectral response can be expressed as [35]:

SR(A) =1—-exp[—a(Dw] . 2)

In order to improve the spectral response, the depletion region width, which mainly lies in the
intrinsic region, should be rather wide. The SR behavior as a function of the n-region thickness at zero-
bias voltage and 7= 300 K is shown in Fig. 6. Here, in accordance with (2), it is evident that SR increases
with an increasing thickness of the n-region as clearly shown in the inset (zoom-in view).

Theoretically, if the width of the depletion region is wide enough, the spectral response may reach
the maximum value of 1. Practically, the typical width of the n-region is between 0.1 pm and 0.6 pum
[35] considering that its increase origins some technological issues as the increased etching depth. In
this work a 0.2 um-thick n-region was assumed by default.
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voltage and 7= 300 K.

3. Results and discussion
3. 1 Effect of the incident radiation wavelength on the detector J(V)) characteristics

The detector current density-voltage characteristics as a function of different wavelengths of the
incident radiation are shown in Fig. 7, both in the forward and reverse bias conditions.

The current density curves appear almost unchanged for forward biases. On the other hand, we can
note different J(¥) behaviors for reverse biases. In particular, the reverse current increases with

increasing the wavelength value as a consequence of the improvement of the photogeneration rate as
reported in Fig. 8.
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In the zoomed area (inset) of Fig. 8, it is found that the photogeneration rate decreases slightly near
the detector anode surface with the increase of the incident radiation wavelength, while the opposite
occurs in the bulk region. This phenomenon is mainly due to the large penetration depth of long
wavelengths in the device structure, in contrast to the low wavelengths that are well absorbed for low
thicknesses. These results show that the designed UV photodetector is in principle capable of acting as
a light wavelength selector device.
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3.2 Temperature and reverse-bias voltage effect

The detector SR behaviors for different temperatures ranging from 300 K to 500 K are shown in
Fig. 9. The variation of the Alo.17Gao.s3N absorption coefficient was assumed in the form of [35]:

o (T) = 10°JE — E,(T) )

where £ is the photon energy and E¢(7) is the material bandgap.
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Fig. 9. SR as a function of the temperature under a light intensity of 1 Wem™ at zero-bias voltage.



The SR increases gradually with increasing wavelengths, for example from 0.079 AW at 0.155 um
to 0.156 AW at 0.29 um (7= 300 K), due to an increased penetration depth of the light. Then, it drops
sharply at the cut-off wavelength of 0.31 um. We can note that the temperature effect is quite limited
for short wavelengths because most of the corresponding photons are absorbed. On the other hand, the
temperature increase determines a decrease in the SR peak which is 0.141 AW at 7= 500 K. This
decrease, however, is noticeable only for 7> 420 K. At higher temperatures, in fact, the thermal agitation
of the crystal lattice becomes more intense resulting in a reduction of the minority carriers mobility,
lifetime, and diffusion coefficient. The recombination mechanisms become stronger and dominate the
photogeneration phenomena that induce a reduction of the spectral response.

In order to partially compensate this detrimental effect of the temperature on the detector SR, a
reverse-bias voltage could be applied to the device. In fact, from the simulations, an increased reverse-
bias condition tends to improve the charge collection efficiency increasing the SR behavior. This result
is shown in Fig. 10 at 7= 300 K.
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Fig. 10. SR for different reverse-bias voltages under a light intensity of I Wem™ at 7= 300 K. The
inset shows a zoom-in view from 4 = 0.265 pm to 4 = 0.305 pm.

The SR peak, which is 0.156 AW-! for 1 = 0.29 um at zero-bias voltage, increases, for example, to
0.16 AW for a reverse-bias voltage of -50 V. Similar SR behaviors were observed considering different
temperatures of operation.

3.3 Effect of traps

The structural defects and the impurity atoms in III-N compounds give rise to a large variety of
donor and acceptor states which can form complexes that trap charges of opposite types. Many
researchers have worked on the identification of the main electron and hole defect centers in the bandgap
of AlGaN compounds, in terms of type, location, and origin by using different experimental methods,
such as deep level transient spectroscopy (DLTS), Monte Carlo tree search (MCTS), and optical deep
level transient spectroscopy (ODLTS). These studies have found that p-AlGaN layers often contain a
donor state located at 0.12 eV below the bottom of the conduction band (i.e., Ec - 0.12 eV) created by
the Mg-H complex and labeled as ET1. Magnesium (Mg), in fact, is the preferred p-type dopant to form
p-GaN and p-AlGaN regions. On the other hand, it has been shown that the interstitial impurities, namely
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C, O, and H can form an acceptor state in the n-AlGaN layers located at 0.44 eV above the top of the
valence band (i.e., Ev + 0.44 eV) usually labeled HT1.
The fundamental trap parameters used during the simulations are summarized in Table 3.

Table 3. ET1 and HT1 trap parameters.

Type Activation energy (eV) Origin Capture cross section (cm?) Ref.

ET1 0.12 Mg-H complex 1.0x10718 [48,49]

HT1 0.44 C,0,H impurity 4.0x10% [50]
3.4.1 Donor trap ET1

By illuminating the detector in the 0.155-0.370 um wavelength range with a light intensity of
1 Wem? at zero-bias and 7'= 300 K, the detector SR curves for a different donor trap concentration N,
located into the p*-region (ET1-type in Table 3) are shown in Fig. 11.
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intensity is | Wem? at zero-bias voltage and 7= 300 K.

Although we assumed N, ranging from 1x10'° ¢cm to 5x10%° cm™, the curves show that the
detector SR is not affected by a trap concentration Ny < 1x10" ¢cm?, and a peak value close to 0.156
AW at 0.29 um can be calculated. On the other hand, when N,; > 1x10" cm™ we observe a SR decrease
in the whole explored wavelength range and the SR peak decreases to 0.1 AW for N = 5x10% ¢m™.
The observed SR decrease, as soon as the donor trap density exceeds 1x10' cm™, is related to the carrier
concentration profiles that origin along the device structure as shown in Fig. 12 for 4 =0.29 pm.

As we can see from Fig. 12 (a) the electron concentration in the p'-region (i.e., up to y < 0.1 pum)
increases with increasing the donor trap density since they ionize and generate more electrons. At the

same time, from Fig. 12 (b) the hole concentration decreases in this region as a result of an increased
carrier recombination.
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Fig. 12. Carrier concentration profiles along the device structure for different ET1 trap densities into
the p*-region (A = 0.29 um). (a) Electrons. (b) Holes.

3.4.2 Acceptor trap HT1

In this section, we simulated the impact of an explicit acceptor trap density N, located into the n-
region (HT 1-type in Table 3). The detector SR behaviors assuming N, in the range 1x10'¢ - 1x10'° ¢m™
are shown in Fig. 13. Here, the wavelength range of the UV spectrum extends from 0.155 um to 0.37
pm.
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Fig. 13. SR for different concentrations of acceptor traps HT1 located into the n-region. The light intensity is 1
Wem? at zero-bias voltage and 7= 300 K.

We can note that the HT1 traps have almost no impact on the detector SR for N in the limit of
1x10' ¢m™. Then, however, only a limited SR decrease is observed for N, = 1x10'® ¢m™. The carrier
concentration profiles along the device structure are shown in Fig. 14. They reveal in particular that the
n-region (0.1 <y < 0.4 um) tends to be depleted of electrons as the trap concentration increases.

{ny

ACCEpar trap concesirallon

Ebectron concentration, log i (em™)

L B L
& 100" cm v [0:107cm
& 10w gn b0 10
104 " T T ¥ T T T T T J T
LEAL] 0.2 (4 (Lo 0.8 Lo 12
Deepth, v (pm)

13



15 4

14 4
5 13-
;HJ.- 12 4
g1
E 114
E 1 4 h
g ol )
= Acoepear L cnnceniratiom | .
= £ & no taps L]

(1} o | au|iF" i | i III'-l;n| 'l .\h
T4 PO A & Ll em|
T g T T T v T T T T T T T
0. 0.2 0.4 0.6 0.8 1.0 12

Depth, v (wmp

Fig. 14. Carrier concentration profiles along the device structure for different HT1 trap densities into
the n-region (4 = 0.29 um). (a) Electrons. (b) Holes.

Finally, it is worthwhile noting that the trap density increase is accompanied by a remarkable
decrease in the carrier mobility behaviors into the device intrinsic region as shown in Fig. 15 for an ET1
and HT1 combined model.
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Fig. 15. Carrier mobility profiles along the device structure (intrinsic region) for different trap
densities. (a) Holes. (b) Electrons.

4. Conclusion

In this paper, the performance of an optimized p*-n-n" Aly.17Gaos3sN UV photodetector has been
investigated. The fundamental geometrical and doping parameters have been carefully taken into
account. The simulated J(V) characteristics have shown that, in reverse bias conditions this structure is
sensitive to the UV rays of different wavelengths and the shorter wavelengths generate the higher
leakage currents. The detector SR can reach 0.156 AW-! under a light intensity of 1 Wem™ at zero-bias
voltage and room temperature. This peak value becomes close to 0.16 AW for a reverse-bias voltage
of -50 V. The detector cut-off wavelength is 0.31 pm. The literature data of several devices based on the
AlGaN ternary compounds have been reported for comparison.

By increasing the temperature from 300 K to 500 K, a noticeable decrease in the SR behavior has
been observed for temperatures exceeding 420 K. In particular, we have calculated a peak value limited
to 0.141 AW at 7= 500 K. The detector SR is also affected by an explicit trap concentration located
into the p* and n regions. However, the SR curve gradually decreases only for acceptor and donor trap
densities that are about three orders of magnitude higher than the local (total) doping concentration.
These results seem to predict an apparent robustness of the proposed device structure.
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