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Abstract: We designed and fabricated narrow-band UV-B AlGaN p-i-n photodiodes (PDs)
with a full-width at half-maximum (FWHM) of 8 nm by optimizing the Al composition and
thickness of the AlGaN layers. To improve the photoelectric response of the narrow-band
PDs, a polarization electric field with the same direction with the applied bias field was
introduced to the absorption layer by adjusting the Al composition ratio between the p-type
AlGaN layer and i-type AlGaN absorption layer. The polarization enhanced narrow-band
PD exhibited a higher external quantum efficiency (EQE) of 82% than the conventional one
with an EQE of 67%. Meanwhile, a low dark current density of 1.7 nA/cm? and four orders
of magnitude UV-visible rejection ratio were achieved for the enhanced narrow-band PDs
with a maximum photocurrent responsivity of 202 mA/W at 304 nm.

Index Terms: AlGaN, narrow-band, photodiodes, polarization, responsivity, quantum
efficiency.

1. Introduction

Ultraviolet photodiodes (PDs) have multitudes of military and civilian applications such as flame
detection, astronomical studies, ozone monitoring, and ultraviolet imaging [1]-[6]. Compared with
the photomultiplier tubes (PMT), which are bulky, fragile, and costly, photodiodes take advantage of
filter-free and small size [7]. There are numerous types of reported UV PDs including Schottky-type,
metal-semiconductor-metal, and p-i-n junction PDs [8]-[10]. Wide-bandgap AlGaN materials, which
provide the photon wavelength range of 200-364 nm, have drawn increasing attention. AlGaN
PDs are one of the most potential competitors for UV detection thanks to their outstanding optical
and electrical properties, including low operating voltage and dark current density, high detectivity,
excellent thermal stability, and radiation resistance [11]-[13].

For some special applications, such as phototherapy and identification of fluorescence, narrow-
band PDs with small full-width at half-maximum (FWHM) and relatively high spectral selectivity are
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Fig. 1. The schematic cross-section of (a) the conventional and (b) the polarization enhanced narrow-
band p-i-n AlGaN PD structures.

desirable [14]. Shao reported inorganic vacancy-ordered perovskite Cs,SnClg:Bi/GaN narrow-band
PDs with a FWHM of 18 nm for the spectral response, covering the spectral range of 360—400 nm
[15]. B. Albrecht demonstrated a UV-B (280-315 nm) narrow-band AlGaN p-i-n PD with an EQE of
56% [16]. R. McClintock reported AlGaN-based PDs with a FWHM of 12.5 nm, and the maximum
responsivity was 136 mA/W at 282 nm [17]. However, there still need more research about the
design and optimization of AlGaN p-i-n photodiodes, especially for the UV-B narrow-band PDs with
higher EQE for the detection and identification of specific fuel components.

In this work, we proposed and fabricated back-illuminated narrow-band UV-B AlGaN p-i-n PDs
with a response window around 305 nm, which can realize the detection and identification of spe-
cific fuel components without using additional optical filters. This was achieved by adjusting the Al
composition and the thickness of the AlGaN layers. In our proposed structure, a polarization electric
field with the same direction with the applied bias field was introduced into the absorption layer by
polarization engineering to improve the photoelectric response of the narrow-band AlGaN PDs. The
structure parameters of the PDs were optimized by theoretical calculation, and the photoelectric
properties of the fabricated narrow-band AlGaN PDs were characterized and analyzed.

2. Device Structure Design
2.1 Structure and Simulation Models

Fig. 1 shows the structure diagram of a conventional and a polarization enhanced AlGaN PDs. The
polarization enhanced device consists of an unintentionally doped 1000-nm-thick Aly 75Gag.o5N
buffer layer and an unintentionally doped 1000-nm-thick Aly 45Gag.55N optical window layer, fol-
lowed by an 800-nm-thick n-type Aly 35Gag 65N Ohmic contact layer. To relieve the lattice mismatch
we utilized a 60-nm-thick n-AlGaN layer with grading Al composition, followed by an unintentionally
doped 250-nm-thick Aly 3Gag 7N absorption layer, and a 150-nm-thick p-type Aly.15Gag.ssN layer.
For better Ohmic contact we applied a 50-nm-thick p-type GaN layer. Except for the 150-nm-thick p-
Alp.3Gap 7N layer, the structure of conventional AlGaN PD was similar to the polarization enhanced
counterpart. The hole concentration of the p-type AlGaN layers was 1 x 10'® cm=3,

ATLAS, a two-dimensional (2D) numerical device simulation tool based on Technology Computer
Aided Design (TCAD), was performed to optimize the structure parameters. During the calculation,
we utilized the models of Boltzmann, Standard Band-to-Band Tunneling, Concentration Dependent,
Selberrherr, and Shockley-Read-Hall Recombination. The polarization model was applied, which
is crucial to AlGaN materials. Besides, there were several fundamental equations utilized in the
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Fig. 2. Electric field distribution of the conventional and the enhanced p-i-n PDs at -20 V. Inset is the
polarization electric field and charge distribution at the interface of the p-Aly.15Gag.s5N/i-Alg 3Gag 7N
layer.

simulation such as Poisson’s Equation, the transport equations, and the continuity equations. And
for the steady-state simulation, we utilized the Newton iteration method.

The refraction index and the absorption coefficient of GaN and Al,Ga;_«N were extracted from
[18]. The spectral responsivity of the PDs was calculated by

hignt — hight
R=—="— =—% 1
P, _ BS’ M
where R is the spectral responsivity, lii.1 is the light current, B is the intensity of the incident beam
and S is the area of the incident light.

2.2 Simulation Results

Fig. 2 demonstrates the electric field distribution of the conventional and polarization enhanced
AlGaN p-i-n PDs. For the polarization enhanced PD, the electric field spike has been mitigated at
the junction of the p-AlGaN/i-Aly 3Gag 7N layer, and electric field intensity in the p-type Aly.15Gag s5N
layer has dropped precipitously as compared with the conventional counterpart. This means that
the width of the depletion region in the p-AlGaN layer is reduced by the introduction of polarization
engineering. Hence, the out-of-band photo-generated current caused by the p-Aly.15Gap 5N layer
will decrease. This is beneficial to achieve a higher in/out-of-band responsivity rejection ratio.
Moreover, the electric field intensity of the enhanced PD in the absorption layer has increased
by 32% as compared with the conventional counterpart, which is conducive to the separation and
extraction of photo-generated carriers.

The distribution of polarization electric field and bound charge are shown in the inset of Fig. 2.
To clarify the polarization effect in detail, we calculated the total polarization sheet charge at
the junction of the p-Aly.15Gag.s5N/i-Alg 3Gag 7N layer. The polarization sheet charge o (o7 and
o) is defined as the sum of bound charges generated by the piezoelectric polarization and
spontaneous polarization. The charge o, and o, are originated from the p-Aly.15Gag ssN layer
and the i-Aly3Gay 7N layer, respectively. And the calculated value of o, is 1.06x10'® C/cm?
whereas o5 is 1.32x10'3 C/cm?. Thus, a negative polarization charge of 2.6 x 10> C/cm? is intro-
duced to the upper surface of the absorption layer. Similarly, a positive polarization charge of 0.2
x 10'2 C/cm? is introduced at the junction of i-Aly 3Gag.7N/n-AlGaN by calculation. A polarization
electric field with the same direction with the applied bias field is introduced to the absorption
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Fig. 3. Spectral response characteristics of the conventional and enhanced PDs under the applied bias
of -20 V by simulation.
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Fig. 4. (a) Electric field distribution with different thicknesses of the absorption layer. (b) Maximum
responsivity and the average electric field intensity in the i-Aly.3Gag.7N absorption layer versus the
absorption layer thickness of the enhanced AlGaN PD at -20 V.

layer through introducing polarization enhanced Alg.15Gag.s5N/Alg 3Gag 7N heterostructure. This
accounts for the enhancement of the electric field in the absorption layer.

The spectral responses of the back-illuminated AlGaN PDs are displayed in Fig. 3. The polar-
ization enhanced PD shows a responsivity of 216 mA/W, which is 9% higher than the conventional
counterpart. The improvement of spectral responsivity can be explained by the enhancement of
the electric field intensity in the absorption layer.

The number of photogenerated carriers and the electric field intensity are the key factors
for the responsivity. And the thickness of the absorption layer greatly affects the number of
photogenerated carriers and the electric field intensity. Then we investigated the optimum thick-
ness of the i-Aly.3Gag 7N layer in the polarization enhanced AlGaN p-i-n PDs. As displayed in
Fig. 4(a), with the decrease of the thickness in the i-Aly 3Gay 7N absorption layer, the electric field
intensity increases gradually. To demonstrate the influence of thickness on devices performance
preferably, the thickness-dependent maximum responsivity and the average electric field intensity
in the absorption layer are demonstrated in Fig. 4(b), respectively. We observed that reducing
the thickness of the i-Aly.3Gay.7N absorption layer can increase the electric field intensity. And
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Fig. 5. (a) Spectral response characteristics of the fabricated conventional and enhanced AlGaN PDs
with a mesa area of 6362 um? at -20 V. Inset is a log plot of the spectral responsivity. (b) Energy band
of the polarization enhanced PD at 0 V.

excessive thin thickness of the i-AlGaN absorption layer will affect the absorption of photons, thus
resulting in a lower photocurrent. Therefore, as demonstrated in Fig. 4(b), with the reduction of the
absorption thickness, the maximum responsivity shows a trend of rising first and then declining.
The responsivity achieves the maximum value when the thickness of the absorption layer is 250
nm.

3. Device Fabrication
3.1 Fabrication

The device structures illustrated in the simulation section were grown on AIN templates with double-
side polished sapphire substrates by utilizing a metal-organic chemical vapor deposition system.
Photolithography and dry etching using the gas of Cl,/BCls (30/8 sccm) were applied to fabricate
the 90-um-diameter mesa structure. The mesa etching left a 400-nm-thick n-type Aly.35Gag ¢5N
to reduce the short-wavelength out-of-band absorption. Then Ti/Al/Ni/Au (20/140/60/160 nm) was
deposited on the n-type Aly35Gag 5N layer, and the device was rapidly annealed at 850°C for
30s in Ny ambient to form Ohmic contact. Finally, a thin 40-um-diameter Ni/Au (20/20 nm) layer
was evaporated and annealed at 550°C for 12 min in air ambient for p-type Ohmic contact. The
fabricated PDs were characterized using a 6-mm-diameter UV fiber and a probe station. A Xeon
lamp was utilized as the incident light source and a reference Si detector was applied to calibrate.

3.2 Results and Discussions

Fig. 5(a) shows the spectral response of the conventional and polarization enhanced UV-B narrow-
band AlGaN p-i-n PDs at the applied bias of —20 V. Similarly, both devices exhibit excellent
performance with a narrow response band and a comparatively steep band cut-off. The conven-
tional AIGaN PD has a peak value responsivity of 163 mA/W at 302 nm whereas the maximum
responsivity of the polarization enhanced PD reaches a value of 202 mA/W at 304 nm. The
external quantum efficiency (EQE) has increased from 67% to 82%. The significant improvement
in EQE and responsivity is due to the adjustment of the Al composition in the p-type AlGaN layer
by polarization engineering. This leads to the enhancement of the electric field intensity. In this
way, the photo-generated carriers can be separated more quickly in the depletion region, resulting
in higher photocurrent. A log plot of the spectral responsivity is displayed in the inset of Fig. 5(a).
The photocurrent response of the polarization enhanced PD is stronger than the conventional
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Fig. 6. (a) (002) and (b) (102) w-26 scan of the conventional and enhanced PDs.

counterpart around 305-380 nm. This can be attributed to the increase of the electric field inten-
sity by polarization engineering. Besides, the spectral response of the enhanced device around
330 nm is caused by the absorption of photons in the p-Aly.15Gag 5N layer [19]. When the incident
wavelength is higher than 380 nm, the spectral responsivity is about one order of magnitude lower
than the conventional counterpart. It indicates that the polarization enhanced PD has a higher UV
(304 nm)-visible (400 nm) rejection ratio, exceeding 10%.

The spectral responsivity curve of the polarization enhanced PD also demonstrates a narrow
waveform with a rapidly rising band edge at 299 nm, a cut-off band tendency at 305 nm, as
well as a relatively small FWHM of 8 nm, indicating an outstanding UV-B detecting ability and an
excellent bandpass capability. The excellent spectral performance benefits from the design of the
optical window structure. The light absorption outside the depletion region contributes little to the
photocurrent. When light is incident from the back of the device, the ultraviolet light with wavelength
less than 280 nm is difficult to reach the depletion region since it has been completely absorbed
by the 1000-nm-thick Aly 45Gag.s5N window layer. And a 400-nm-thick n-type Aly35GaggsN layer
was left to absorb 280-299 nm ultraviolet light during the etching process. Therefore, as shown in
Fig. 5(b), what is of great significance to the photocurrent is the light with a wavelength longer than
299 nm. The steep cut-off band edge is attributed to the low defects in the i-Aly 3Gay 7N absorption
layer, which has an absorption wavelength about 308 nm.

The response of the polarization-enhanced device is found to be red-shifted about 2 nm as
compared with the conventional counterpart. One possible reason for the redshift may be the
light absorption in the p-Aly.15Gag.ssN layer. Besides, the deviation of Al composition in the growth
process of these two devices may be another cause of the red-shift. Fig .6 shows (002) and (102)
w-20 scan of the conventional and enhanced PDs. We focus on the Al composition of the i-AlGaN
layers. Through calculation, the Al composition of the i-AlGaN layer for the conventional PD is
estimated to be 32.5% and the Al composition of the i-AlGaN layer for the enhanced PD is 32.3%.
The calculation result is consistent with the result of the spectral response.

Meanwhile, a table shows the excellent performance of the polarization-enhanced PD compared
with other published detectors (Table 1). The enhanced PD in this work exhibits higher EQE and
smaller FWHM.

The room-temperature current-bias characteristics were measured under dark and ultraviolet
illumination conditions utilizing a cascade probe station and a Keithley 4200 analyzer. Fig. 7
presents the reverse-biased |-V curves of a polarization-enhanced device with a mesa area of
6362 um?. With the increase of reverse voltage, the dark current keeps a low value below 1 pA
while the photocurrent keeps a slowly rising, strong response. The leakage current density shows a
low value of 1.7 nA/cm? at -1 V and increases to 8.6 nA/cm? at -20 V. The low dark current indicates
high-quality junction interfaces of the enhanced PD [27].
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TABLE 1
Detector Performance Compared With Other Detectors

PD a2 Nmax” FWHM*® Reference
Structure (nm) (%) (nm)

GaN-based 378 68.1% (-15 V) 8 [15]
p-i-n 310 56% (0 V) 47 [16]
p-i-n 282 72% (-5 V) 12.5 [17]
MSM 240 - 46 [20]
p-i-n 278 23% (-20V) 12 21]
p-i-n 245 80% (-10 V) 41 [22]
p-i-n 289 45.5% (0 V) 27 [23]

p-i-n-i-n 290 67.4% (0 V) 9 [24]
pi-n 280 42% (-40 V) 33 [25]
MIS 270 70.6% (-3 V) 12 [26]
p-i-n 304 82% (-20 V) 8 This work

2Peak detection wavelength of the detector.
bMaximum quantum efficiency at the peak wavelength.
¢Full-width at half-maximum of spectral response.
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Fig. 7. Reverse-biased |-V diagram of a polarization enhanced device (anode diameter: 40 um) with a
mesa area of 6362 um?2 under dark and UV light conditions.

4. Conclusion

In summary, back-illuminated polarization-enhanced narrow-band UV-B AlGaN p-i-n PDs with high
EQE were achieved. A negative polarization sheet charge of 2.6 x 102 C/cm? was introduced at the
interface of the p-Aly.15Gag s5N/i-Alg.3Gag 7N layer. This resulted in a higher value of electric field
intensity in the i-AlGaN absorption layer along with a preferable spectral responsivity compared
to the conventional devices. For the fabricated enhanced narrow-band PD with a FWHM of 8
nm, covering the spectral range of 298-316 nm, the measured spectral responsivity was up to
202 mA/W at 304 nm. The corresponding EQE was 82%. The UV (304 nm)-to-visible (400 nm)
rejection ratio exceeded 10%. Moreover, the dark current density was 1.7 nA/cm? under the reverse
bias of 1V, increasing to 8.6 nA/cm? at —20 V.
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