5707

AR E
Aiij) IEEE TRANSACTIONS ON ELECTRON DEVICES, VOL. 70, NO. 11, NOVEMBER 2023
S

GaN-Based Ultraviolet Phototransistor With Two
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Abstract—In this report, a polarization-doped n-p-i-p-n
GaN/AlxGay_xN/GaN ultraviolet phototransistor with an
Alg.20Gap goN insertion layer is proposed. The AlxGai_xN
layer with graded AIN composition is utilized as a p-type
layer. The Alg 29Gag.goN insertion layer is embedded into the
unintentionally doped GaN (i-GaN) absorption layer, which
can increase the conduction band barrier height and reduce
the electron leakage from the substrate for the device. As a
result, the dark current lower than 3.40 x 10" A/cm?2
can be obtained. When the device is illuminated with
ultraviolet light, the forward biased junction facilitates the
photo-generated carrier transport. As a result, a photo-to-
dark-current ratio (PDCR) larger than 10 at the applied
bias of 5 V is realized. The carriers are transported in the
region far apart from the device surface, and this gives rise
a response with the rise time of 27 ms and decay time of
44 ms, respectively.

Index Terms— Carrier transport, dark current, graded AIN
composition, insertion layer, ultraviolet phototransistor.
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[. INTRODUCTION

LTRAVIOLET photodetectors (UV PDs) have been
widely used in military and civilian applications, such
as missile warning, non-line-of-sight communications, flame
detection, and environmental monitoring [1], [2], [3], [4]. Most
of these applications require devices with high signal-to-noise
ratio and high sensitivity for effective implementation. There-
fore, photodetectors require high responsivity, fast response
speed, and low dark current. Till now, attempts have been
made to improve the responsivity and sensitivity for photode-
tectors made of III-V nitrides, such as a AlGaN/GaN-based
phototransistor with a peak responsivity of 1.52 x 10° A/W
at the wavelength of 265 nm [5], an ultrasensitive AlGaN-
based UV PD having a peak detectivity of 1.5 x 10'8
Jones at the wavelength of 260 nm [6], and a 92% external
quantum efficiency (EQE) for 289-nm p-i-n AlIGaN PD with
AlN-graded p-AlGaN ohmic contact layer [7]. Moreover,
GaN-based UV PDs detecting optical signal at the wavelength
ranging from 300 to 400 nm has also been reported, such
as a polarization-enhanced p-i-n AlGaN PD achieving a peak
responsivity of 0.086 A/W at the wavelength of 302 nm [8]
and a UV PD based on p-GaN/AlGaN/GaN heterostructures
possessing a photo-to-dark current ratio (PDCR) over 10% at
the wavelength of 365 nm [9]. Therefore, (Al)GaN-based UV
PDs have the advantages of working in different band ranges
by adjusting the Al composition [10]. Among the candidates
for UV PDs, p-i-n-structured UV PDs overwhelm other struc-
tures (e.g., MSM PDs) in high quantum efficiency, low dark
current, and fast response speed [11]. This is attributed to the
fact that p-i-n UV PDs have strong built-in electric field in
the absorption layer [12]. Moreover, unlike MSM UV PDs,
the photon-generated carriers for p-i-n UV PDs are more
likely to transport in the bulk region rather than in the surface
region [13]. Hence, the carriers are less affected by any surface
traps, which also enables p-i-n UV PDs to have faster response
speed [14].
(Al)GaN-based p-i-n UV PDs still have challenges in both
material growth and p-type doping engineering. On the one
hand, the adoption of Mg dopants in the epitaxial layer will
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inevitably cause defects that behave as “killers” for both pho-
tons and carriers [15], [16]. Moreover, epitaxial layer grown
on the p-type (Al)GaN layer will possess rough surface and
poor crystalline quality [17]. Hence, most reports regarding
(Al)GaN-based p-i-n UV PDs have the p-GaN layer grown
lastly [18]. On the other hand, p-type (Al)GaN layer has a low
Mg-doping efficiency [19]. The low p-type doping efficiency
in the p-type (Al)GaN layer cannot generate very strong
build-in electric field in the unintentionally GaN absorption
layer (i-GaN). This will result in the poor carrier genera-
tion rate and the current transport. Fortunately, the electric
field magnitude in the absorption layer can be enhanced if
the polarization effect is applied, which effectiveness has
been demonstrated in (Al)GaN-based p-i-n UV PDs [20].
The polarization-induced p-type base region has also been
designed and reported [21], such that a n-p-n phototransistor
is demonstrated. The electric field in the optical absorption
layer is also influenced by the intrinsic absorption layer
for p-i-n UV PDs [22]. A thick intrinsic layer is required,
so that more light can be absorbed. Nevertheless, the increased
thickness for the absorption layer may decrease the electric
field magnitude. This will sacrifice the generation rate for
electrons and holes [23]. However, we believe that when
multiple parallel junctions are designed and fabricated, the
area for the absorption layer can be further increased and the
strong electric field magnitude in the absorption layer can also
be maintained.

Hence, in this work, we take the advantage of the polar-
ization effect by grading the AIN composition for the
AlGaN layer, so that a polarization-induced p-type AlGaN
can be formed [24]. We also design and fabricate two par-
allel junctions, i.e., n-p-i-p-n phototransistors, so that the
absorption area can be doubled, which helps to increase
the photocurrent. To suppress the carrier leakage from the
substrate for the proposed n-p-i-p-n phototransistors with
two parallel junctions, we also grow an Aly0GaggoN inser-
tion layer below the unintentionally n-typed doped (i-GaN)
layer serving as the energy barrier layer. Very importantly,
the negative polarization-induced interface charges are gen-
erated at the i-GaN/Aly,0GapgoNN interface, and this further
prevents the electron injection downward into the substrate
layer. As a result, the leakage level for the photo-generated
carriers can be significantly reduced. If the device is oper-
ated in dark condition, such Aly,0GapgoN insertion layer
helps to suppress the defect-related leakage current from the
substrate. This will significantly decrease the dark current
level.

II. STRUCTURE DESIGN AND SIMULATION MODELS
A. Device Design and Simulation

The 3-D schematic of the proposed device structure is
shown in Fig. 1(a). The carrier transport process is also
illustrated, such that the cathode collects holes and the anode
collects electrons when the device is illuminated by UV light.
Fig. 1(b) is the energy band diagram for an n-p-i-p-n structure
under equilibrium. The p-type region is the AlGaN layer
with graded Al composition that has negative polarization
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Fig. 1. (a) Schematic for the n-p-i-p-n GaN/AlyGa_xN/GaN UV pho-
totransistor. Schematic energy band diagrams for the proposed device
(b) at equilibrium and (c) in biased condition. (d) Cross-sectional TEM
image for n-p-i-p-n regions. Two-dimensional profiles of the electron
current for (e) UV phototransistor with Aly20GaggoN insertion layer
and (f) without Alg29oGaggoN insertion layer at the bias of 5 V in
dark condition, respectively. (g) Top view of the fabricated n-p-i-p-n
GaN/AlyGai_xN/GaN UV phototransistor.

induced bulk charges. When the device is biased, as shown
in Fig. 1(c), the left p-n and right p-i junctions are forwardly
biased, while the right p-n and left p-i junctions are reversely
biased. If the device is in the dark condition, then those
reversely biased junctions will not allow the flow for any
minority carriers. Therefore, our proposed phototransistor is in
the OFF-state and may have a very low dark current. Once upon
being illuminated by UV light, the nonequilibrium carriers
will be generated in the i-GaN region. Moreover, the i-GaN
region between the two mesas [see Fig. 1(a)] has also photo-
generated carriers, which serves as the “gate” and then turns
on the transistor. The photogenerated electrons and holes will
be transported to the anode and cathode, respectively. As a
result, a high-level photocurrent will be generated. As shown
in Fig. 1(d), we present the cross-sectional TEM image for
the proposed structure. It can be seen that the thicknesses
of the epitaxial layers are precisely controlled and excellent
crystalline quality can be obtained in the Aly20GaggoN inser-
tion layer, the i-GaN layer, the Al,Ga;_,N layer, and the top
n-GaN layer.

To better understand the device physics for carrier genera-
tion and carrier transport, numerical simulations are conducted
by using SinoTCAD software, which can calculate energy
band, current—voltage (/-V') characteristics, electric field, and
current distribution by solving the continuity and Poisson’s
equations. The absorption coefficients of AlGaN and GaN
materials at different wavelengths can be found in [25]. The
polarization effect is considered at the Al,Ga;_,N/GaN and
Alg20Gag 9oN/GaN heterojunctions, for which the polarization
sheet charge density is set to ~5.93 x 10'® m~2 and ~4.21 x
10'® m~2, respectively, and a negative polarization bulk charge
density of ~9.48 x 107 cm™> has been assumed in the
Al,Ga;_.N region [26], [27], [28]. It is worth mentioning
that our fabricated device is too large to be calculated by our
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simulator. Considering the in-plane symmetric feature for the
fabricated device, we set the simulated region with the width of
200 pum in our physical model. We first calculate and present
2-D profile of the electron current for the device in Fig. 1(a)
at the bias of 5 V in the dark condition [see Fig. 1(e)].
For comparison, the 2-D profiles of the electron current are
also calculated for the device if no Aly,0GaggoN insertion
layer is adopted in Fig. 1(f). The comparison shows that the
Alg20Gag goN insertion layer can effectively suppress the leak-
age electron current that is generated by the dislocation/defects
in the GaN buffer layer [see Fig. 1(d)]. Hence, we can specu-
late that the Alp20Gag goN insertion layer significantly reduces
the dark current for the proposed phototransistor. Fig. 1(g)
demonstrates the microscopic graph for the top view of the
fabricated n-p-i-p-n phototransistor.

B. Device Fabrication

The proposed phototransistor is grown by using
metal-organic chemical vapor deposition (MOCVD) on
a 500-um-thick sapphire substrate. First, a GaN nucleation
layer with a thickness of 20 um is grown on the sapphire
substrate. Next, a 1.8-um-thick GaN buffer layer is grown
on the nucleation layer. After that, an Aly,0GaggoN insertion
layer with a thickness of 10 nm is grown, on which an
absorption layer of 200-nm i-GaN is further deposited serving
as the absorption layer. A 50-nm-thick Al,Ga;_,N layer
is subsequently deposited, for which the AIN composition
is linearly varied from 0.27 to O along the [0001] growth
orientation. Finally, a 150-nm-thick n-GaN layer with an
n-type doping concentration of 3.5 x 10'® cm™ is grown.
After completing the epitaxial growth, the n-GaN and
Al,Ga;_N layers are dry etched by using an inductively
coupled plasma (ICP) etching system with a depth of 250 nm
to form grooves with a width of 40 um. Two Ti/Al/Ti/Au
(20/30/60/100 nm) ohmic contacts are deposited on the
n-GaN layer on both mesa by utilizing e-beam system.

C. Characterization and Measurement

The structural properties are characterized by utilizing high-
resolution field-emission transmission electron microscope
(JEM-2100F). The I-V characteristics are measured by using
Keithley 6487. The spectral responses are measured by using
a DSR100 system with a xenon lamp, chopper, monochro-
mator, Keithley 6487, SR830 lock-in amplifier, and standard
Si detector. The transient response spectra are measured by
using a RIGOL DS6104 digital oscilloscope. A pulsed laser
with an emission wavelength of 310 nm is used to measure
the photocurrent and transient responses.

[1l. RESULTS AND DISCUSSION

Fig. 2(a) presents the measured current in terms of the
applied bias both in dark and illumination conditions for the
proposed n-p-i-p-n phototransistor. The dark current value
is beyond the scope of our measurement system. Hence,
the precise value for the dark current is not able to be
characterizable at the current stage. However, we estimate
that the dark current is lower than 3.40 x 10~'! A/cm? at
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Fig. 2. Dark current and photocurrent in terms of the applied bias from
(a) experimental measurement and (b) numerical calculation.
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Fig. 3. Energy band alignment for the proposed device at (a) equilibrium
and (b) bias of 5 V in the 310-nm illumination condition.

the applied bias from —5 to 5 V. When the UV light of
310-nm wavelength and 48-uW/cm? intensity is applied to
the device, the photocurrent can reach 107% A/cm? at the
applied bias of 5 V. The proposed device shows a PDCR larger
than 10*. We also calculate the dark current and photocurrent
at different applied biases, which are shown in Fig. 2(b).
The comparison between Fig. 2(a) and (b) illustrates that our
measured and calculated photocurrent are of the same level,
which validates the effectiveness for our physical models.
Fig. 2(b) also presents that the theoretical dark current can
be as low as 10™!5 A/cm?. The theoretical PDCR is estimated
to be as large as 107. We believe that the high PDCR value
originates from forwardly biased p-n junctions in the proposed
phototransistor, which favors the transport for the minority
carriers. In the meanwhile, the extremely low dark current
value is attributed to the Aly,0GaggoN insertion layer that
suppresses the leakage electron current from the substrate
[see Fig. 1(e)].

To further reveal the carrier transport mechanism, we cal-
culate the energy band alignment for the proposed device.
Fig. 3(a) shows the symmetric energy band diagrams for
the two mesas at equilibrium. Here, the Al,Ga;_,N with
graded AIN composition has negative polarization-induced
bulk charges, and hence, it serves as a p-type layer. The energy
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Fig. 4. Two-dimensional profiles of the electron concentration for the
proposed device (a) at equilibrium, (b) in dark condition, and (c) under
310-nm illumination at the bias of 5 V. One-dimensional profiles of
(d) electron and (e) hole concentration near the top of the proposed
device at the equilibrium and nonequilibrium state, respectively.

barrier layer by Alp,0GaggoN layers to suppress the leakage
electron current from the substrate region is also observed.
Fig. 3(b) shows the calculated energy band diagram for the
two mesas when the bias of 5 V in applied in the right
mesa. Being consistent with the experimental condition, the
wavelength of the incident light is set to 310 nm. The p-n
junction in the left mesa is forwardly biased, which promises
high-efficiency current flow across the i-GaN layer for the
photo-generated minority carriers. If we refer to the right mesa
region, it seems that the i-GaN layer in the right mesa is more
bent when compared to that in the left mesa. This originates
from the build-in electric field in the reversely biased p-n
junction for the right mesa. The function of the i-GaN layer in
the right mesa includes carrier generation by the 310-nm inci-
dent light and the high-level current flow across the reversely
biased p-n junction. As a result, Fig. 3(a) and (b) agrees with
Fig. 2(a) and (b), such that the proposed phototransistor in
this work has the advantage of possessing extremely low dark
current and the large photocurrent.

Fig. 4(a) shows the 2-D electron concentration profiles in
dark condition when the device is unbiased. The electron
concentration in the i-GaN layer has the electron concentration
lower than 10'* cm™3. More importantly, if we look into the
i-GaN region between the two mesas, the electron concentra-
tion therein is even lower than 10° cm™3. This is caused by the
repulsive effect of negatively polarized interface charges at the
1-GaN/Aly 20Gag goN interface. Fig. 4(b) demonstrates the 2-D
electron concentration at the bias of 5 V in the dark condition.
The electron concentration in the i-GaN region between the
two mesas become lower than 10% cm~3. Hence, such low
electron concentration therein still helps turn off the device in
dark condition. Fig. 4(c) shows the 2-D electron concentration
profiles at the bias of 5 V when the 310-nm incidence light is
turned on. Then, the electron concentration in the i-GaN region
between the two mesas is higher than 10> cm™3, which turns
on the device. Meanwhile, it agrees with Fig. 3(b) that the

i-GaN layer region generates nonequilibrium electrons. The
even stronger electric field in the i-GaN region for the right
mesa also significantly facilitates the electron transport and
electron collection at the anode region. For even better illus-
trating the carrier distribution, we show the 1-D distribution
for both electrons and holes in Fig. 4(d) and (e), respectively.
It is noted that the hole concentration is very low in dark
condition because of the unintentionally n-type doping effect
in the i-GaN layer. However, upon the 310-nm illumination,
we can see that the nonequilibrium hole concentration is of the
same level for the nonequilibrium electron concentration. This
means that the 310-nm incident light generates electron—hole
pairs, and the proposed phototransistor here is a bipolar device.
The 1-D electron concentration profiles are consistent with that
in Fig. 4(a)—(c). Fig. 4(d) and (e) further shows the importance
of the i-GaN layer in the right mesa, such that the i-GaN layer
therein significantly favors the transport for both electrons and
holes due to the even stronger electric field in the i-GaN
layer. It is vice versa if the left mesa is biased to 5 V.
Then, the stronger electric field in the i-GaN layer for the
left mesa can be obtained. Correspondingly, the proposed UV
phototransistor can be sensitive to UV light in both quadrants.

Fig. 5(a) and (b) shows the measured spectral responsivity
and the detectivity under the light wavelength of 250-400 nm
and different biases. The bias is increased from 1 to 3 V, and
the responsivity gets enhanced with the increased bias. The
proposed phototransistor can detect the light in the UV and
deep UV spectral regions. At the bias of 3 V, the peak respon-
sivity can reach 40.6 mA/W. The UV/visible (R314nm/R4000m)
rejection ratio values are 34, 334, and 124 at the biases of 1,
2, and 3 V, respectively. We also present the detectivity, which
is derived by using the following equation [29]:

D*—R/,/M“' 1)
=FINTs (

where R is the responsivity, S is the effective area of photode-
tector, e is the free electron charge, and I, is the dark current.
Here, R can be obtained by Fig. 5(a), and S is 0.0156 cm? for
our device. As we have mentioned before, the dark current
of the proposed phototransistor is too low to be testable
by our equipment. Hence, we estimated /,/S to be 3.23 x
10~ A/cm? by assuming the dark current of 5.04 x 10713 A
according to Fig. 2(a). Then, the detectivity at different biases
is shown in Fig. 5(b), and the peak detectivity of 1.26 x
10'3 Jones at a low bias of 3 V. We believe that we have
underestimated the values for the detectivity. Fig. 5(c) shows
the time-dependent response current at the 2 V bias. We use
the fast Fourier transform (FFT) filter to fit the tested data.
By following the calculation criteria in [30], we obtain a rise
time (7;) of 27 ms and a decay time (t4) of 44 ms for the
fabricated phototransistor in this work. Because of the low
mobility of holes, we believe that the response speed for our
phototransistor can be further increased if the photo-generated
holes can be consumed [31]. We also compare the device
performances, including detectivity, response speed, PDCR,
and dark current of our device along with other reported
(Al)GaN-based p-i-n UV PDs in Table I. It shows that our
fabricated device shows comparable results when compared
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Fig. 5. (a) Measured spectral responsivity and (b) detectivity in terms
of different incident light wavelengths at the applied biases of 1, 2,
and 3 V, respectively. (c) Time-dependent optical response for the
designed device at 2-V bias when a 310-nm UV illumination signal is
applied.

TABLE |
DETECTOR PERFORMANCE FOR THE REPORTED (Al)GaN-BASED
p-i-n UV PDS IN THE LITERATURE

. Wavele
Material D* T /14 14
structure ngth (Jones) (ms) PDCR (A/cm?) Ref
(nm)
Aly.40Gag N 289 3.33x1013 <13 >100 1.00x10"° 7]
p-i-n V) ov) (-10V) (-10V)
GaN 1.14x10"2 >10° <1.00x1077
p-i-n 348 V) - V) ov) [13]
GaN 358 6.44x10' 11.0176/ ~10° <1.03x10° [18]
p-i-n-i-p 5V) (5V) (5V) 5V)
Alg30Gag70N 3.85x10"2 270 1.70x10"
p-i-n 304 (20 V) - (-20V) -1V) [20]
Aly40Gag goN >6.95x1012 <2.00x10°
p-i-n sy T ; (lovy B2
Al 40Gag 60N >3.50x10!! <6.90x10®
p-in w0 Ty ) sy P
Al 40Gag 60N 289 >1.57x1013 <13 4.8x10° 3.60x10° [34]
p-i-n V) V) V) -2V)
GaN 360 2.19x10"3 0(')01715/ 8.3x105  ~0.80x107 [35]
p-i-n V) -5V) V) V)
Alp33GagN 1.60x10'2 3.00x10°8
p-i-n-i-n 290 ov) - . ov) [36]
GaN/AlGaN 314 >1.26x10'3  27/44 >10*  <3.40x10'""  This
n-p-i-p-n 3V) 2V) (5V) 3V) work

with other reports. Nevertheless, our dark current shows the
smallest value.

V. CONCLUSION

In conclusion, a n-p-i-p-n GaN/Al,Ga;_,N/GaN ultraviolet
phototransistor with low dark current and high detectivity has
been designed, simulated, fabricated, and investigated. The
reversely biased p-n junction and the i-GaN layer in the

n-p-i-p-n  GaN/Al,Ga;_,N/GaN ultraviolet phototransistor
enable the device to possess excellent OFF-state capability.
We also purposely grown an Aly;0GaggoN insertion layer
between the buffer i-GaN layer and the absorptive i-GaN
layer. By doing so, the electron leakage level from the buffer
i-GaN into the absorptive i-GaN layer can be decreased.
Therefore, the dark current is lower than 3.40 x 10~'! A/cm?,
and the PDCR value is larger than 10* at a bias of 5 V.
A peak detectivity of higher than 1.26 x 10'3 Jones can
be obtained at the bias of 3 V in the UV range. We also
point out that our demonstrated device has a high hole gener-
ation rate. If the holes can be consumed by, e.g., radiative
recombination, we believe that the response speed for the
device can potentially have a rise time shorter than 27 ms
and decay time shorter than 44 ms. We believe that the
reported device in this work inspires the UV community to
fabricate more efficient UV-sensitive semiconductor materials
and devices. The reported device physics here also provides
more understanding for photosensitive devices.
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