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Abstract: This research explores the architecture and efficacy of GaN /Al Ga;_xN-based heterojunc-
tion phototransistors (HPTs) engineered with both a compositionally graded and a doping-graded
base. Employing theoretical analysis along with empirical fabrication techniques, HPTs configured
with an aluminum compositionally graded base were observed to exhibit a substantial enhancement
in current gain. Specifically, theoretical models predicted a 12-fold increase, while experimental eval-
uations revealed an even more pronounced improvement of approximately 27.9 times compared to
conventional GaN base structures. Similarly, HPTs incorporating a doping-graded base demonstrated
significant gains, with theoretical predictions indicating a doubling of current gain and experimental
assessments showing a 6.1-fold increase. The doping-graded base implements a strategic modulation
of hole concentration, ranging from 3.8 x 1010 cm 3 at the base—emitter interface to 3.8 x 107 cm—3
at the base—collector junction. This controlled gradation markedly contributes to the observed en-
hancements in current gain. The principal mechanism driving these improvements is identified as the
increased electron drift within the base, propelled by the intrinsic electric field inherent to both the
compositionally and doping-graded structures. These results highlight the potential of such graded
base designs in enhancing the performance of GaN/Al,Ga;_yN HPTs and provide crucial insights
for the advancement of future phototransistor technologies.

Keywords: ultraviolet photodetector; GaN/AlGaN phototransistors; graded base

1. Introduction

GaN/AlGaN ultraviolet (UV) photodetectors are highly regarded for their outstand-
ing potential, characterized by their low dark current density and heightened sensitivity.
Their capability has spurred extensive research into their applications, notably in missile
detection, flame monitoring, and space communications [1-3]. Historically, research has
predominantly focused on photodetectors without internal gain, such as p-i-n, Schottky,
and metal-semiconductor-metal (MSM) photodiodes [4-6]. In contrast, although avalanche
photodiodes (APDs) offer high quantum efficiency and inherent gain, they require high-
voltage biases and are prone to noise due to avalanching [7-10].

Heterojunction phototransistors (HPTs) present a viable alternative, capable of achiev-
ing high current gain with substantially reduced noise compared to APDs, making them
suitable candidates for sensitive GaN-based UV detection applications [11]. Achieving high
internal gain is critical for advanced UV photodetectors designed to detect low-intensity
UV light signals. Consequently, precise engineering of the HPT base’s structural parameters
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is essential. While previous research has led to advancements in GaN/AlGaN-based HPTs,
these studies often overlooked the optimization of the HPT base design [12-15]. Although L.
Sun et al. reported improved performance of an AlGaN HPT with a polarization-doped p-
base structure, the underlying mechanism remains unclear, necessitating further systematic
research [16].

This paper addresses this research gap by exploring the fabrication and performance
analysis of GaN/AlGaN HPTs featuring both a compositionally graded base and a doping-
graded base, comparing their efficacy to conventional GaN bases. Both grading approaches
are theorized to create a built-in electric field, which facilitates electron transport across
the base, thereby reducing base recombination current and significantly boosting common
emitter current gain. These modifications are anticipated to substantially enhance the
performance of GaN/AlGaN HPTs. Through detailed theoretical analysis and experimental
validations, this study aims to elucidate the beneficial impacts of graded base designs,
thereby advancing our understanding and application of these devices in high-sensitivity
UV detection scenarios.

2. Theoretical Calculations
2.1. GaN/AlIGaN HPTs with a Doping-Graded Base

For GaN/AlGaN HPTs with a doping-graded base, the built-in field resulting from
the exponentially graded doping profile is defined as follows:
_Dp 1 dps(x)
p pe(x)  dx

1)

where D, represents the hole diffusion coefficient in the base; i, is the hole mobility; and
pp is the hole density of the base. Under zero bias, the electron current comprises a drift
component and a diffusion component:

_ dnp(x) __qDu( dps
Jne = —qDhn I qupnp(x)E = Np ”BE‘FNBW )

where the electron diffusion coefficient in the base is denoted by D,;, and np represents
the electron density of the base. When comparing the electron current in devices with
a uniformly doped base, the total current in Equation (2) includes an additional drift
component. Multiplying both sides of the equation by N(x) and integrating from 0 to
Wp yields:

]nEfo x)dx = qDy |, { de + Ng dnB}dx

= qDun? {exp<q BE) —1} o

qDun?y [exp ("VBE) - 1}
fOWB Np(x)dx

where Wy represents the base width; n;p is the intrinsic carrier density in the base; and Vg
denotes the bias voltage of the base—emitter junction. Similarly, the hole current can also be

determined as follows:
qDpn2 [exp (qVBE ) - 1}

foWE e(x)dx

where WE is the emitter width; n;¢ is the intrinsic carrier density of the base; and nf is
the electron density of the emitter. For convenient calculation, the hole concentration
distribution is expressed by an exponentially graded doping profile, which we define
as follows:

(4)

]nE -

]pE (5)
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where pp(0) and pg(Wp) are the hole density at x = 0 and x = Wp in the base, respectively.
The base transport factor 7;, can be expressed as follows:

L Afyms(dx  WE2f 1, eXp(—n)] Wi 2 {1 B 1] -
! Alue 2D, 2D,y
where A is the cross-sectional area of the emitter—base junction. In the case of a uniform
doping base:
WZ
= i — _B
W= limw = 55 (8)
Therefore, the amplification factor of the collector current is:
W3 2 1
pr=1- 1—2{1—} )
TB 2L B 1 n
The current and current gain are enhanced compared to a uniform doping base by a
factor of: ) .
A=— {1 - } (10)
U n

Assuming 100% internal quantum efficiency, the emitter injection efficiency and cur-
rent gain for HPTs with a doping-graded base can be expressed as follows:

L ]l L DpE fOWb NB )dx ni 1 DpE fOWb NB(x)dx N _AEgBE 1« (11)
T T T Dy WeNe  md, 0 Dpl WeNg KT )~
W= B —1— W 2 11 +Dpw _ AEgsr (12)
=P = 2127y 7] Dy WeNg O kT
1-6 1 W3 2 I AE o
N % 1= ~ L B 4 1 . ¢BE
CRP=T LT s {2L%';7{1 ;7}+Dn WNE ‘eXp( kT )} 1%

where D, is the hole diffusion coefficient in the emitter, and AEpE is the bandgap between
the emitter and base junction. The factors for a doping-graded base and a traditional GaN
base in Equations (11)—(13) can be approximated as follows:

1Y
Kdoping graded o fo b NB(x)dx

x NpWs (14)
W3 Dy [y " Np(x)dx AE
2.2{1_ 1] Dy foB>'eXp<_ gBE)
Udoping graded 2L 1 1 Dy WENE kT -
7 W§  Dp NgWs  ( AEgse

202 " Dy WeNg P kT

Gdoping graded ,Bdoping graded Udoping graded -1 (16)
G - B - o

For example, the HPT employs a base with exponentially graded magnesium doping,
ranging from 3.8 x 10'® cm~3 at the base-emitter junction to 3.8 x 1017 cm 3 at the base-
collector junction. In this case, # = In10 ~ 2.3. Therefore, the factor A in Equation (10) is
approximately 0.49, while the factors in Equations (14)—(16) are 0.55, 0.48, and 2, respectively.
It can be inferred that the current gain of the HPT can be improved two-fold by introducing
a doping-graded base structure.
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2.2. GaN/AlGaN HPTs with a Compositionally Graded Base

For low-level injection, the majority carriers tend to reach equilibrium:

dpg(x
Jp = —qDp p;i ) +quppp(x)E=0 (17)

The built-in field caused by a compositionally graded base can be expressed as follows:

Dp 1 de(x) o kT 1 dNB(X)

E(x) = —. . = —. . 18
() Hp pe(x)  dx g Np(x)  dx (18)
Thus, the electron current density in the base is expressed as follows:
_ o dnp(x) _ - dng(x) 1 dpp(x)
Jn = qDn e gunny(x)E(x) = gDy T annb(x).pB(x). T (19)

Both sides of the above equation are multiplied by pg(x) and integrated from 0 to W,

W, W, d d
]n/o ' pp(x)dx = an/O ' [nb(x).ili(x) + pB(x);Z;(x)} dx = qDyn% [exp(%) - 1] (20)
oo () 1 N
' 15" po(o)ax

where n;p corresponds to the intrinsic concentration in the base, which varies with x for
a compositionally graded base. The intrinsic concentration at x = 0 and x = Wp can be
described as follows:

! Egaian
nio = (NcNV) Jycan exp(— T ) (22)
1 E GaN
ivg, = (Nch)éﬂNexp<— kT ) (23)

where N and Ny represent the valence band effective density of states and conduction
band effective density of states, respectively. It can be approximated that the alloy composi-
tion decreases linearly with x. The intrinsic concentration in the base can be approximated

as follows:
NcN AE
(NcNv) gigan exp(— 8 X) (24)
(NCNV)GaN

2kT W,
where AE, corresponds to the variation in the bandgap of the base; thus:

2
qVBe\ wy Mip(x) 2 qVBe\
Jn = 7 [exp( kT ) 1} AL dx _ (NcNv) a16an TDniGa | P kT ! { AEg /kT
=

Jo" pp(x)dx ~ (NeNv)gan pEWs 1 — exp( -~ AEg/kT)

nig(x) = nigan

} 25)

However, the collector current density Jc can be approximated as J,. Here, we can
D, a1GaN) ~ (NcNv) aican
Dy cany 7 (NcNv)gan
improved compared to a traditional GaN base by a factor of:

Galgraded  Ju(AlGaN)  Dycaican) (NcNv) gjgan AEg /kT } N [ AEg /kT }

G Jn(GaN) Dyany ~ (NeNv)gan L1 —exp(—AEs/kT) 1 — exp(—AEg/kT)

approximate: ~ 1. Thus, the current and current gain are

(26)

For instance, in the case of Wp = 100 nm, an HPT with a compositionally graded
base, transitioning from GaN at the base-emitter junction to AlysGaggsN at the base—
collector junction, yields a factor in Equation (26) approximating to 12. It can be inferred
that the current gain of the HPT can be enhanced by a factor of 12 by introducing a
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compositionally graded base structure, which is six times higher than that achieved with a
doping-graded base.

3. Materials and Methods

Based on the theoretical calculations presented above, GaN/AlGaN visible-blind
heterojunction phototransistors (HPTs) were fabricated and characterized, featuring a
compositionally graded base (Structure A) and a doping-graded base (Structure B). A third
structure (Structure C) with a normal base was also fabricated for comparative analysis.
The samples utilized in this study were grown on c-plane sapphire substrates using a low-
pressure metal-organic chemical vapor deposition (MOCVD) system. Precursors included
trimethyl-gallium (TMGa), trimethyl-aluminum (TMALl), trimethyl-indium (TMIn), and
ammonia (NHj), while bis-cyclopentadienyl-magnesium (Cp,Mg) and silane (SiH,) served
as p- and n-type doping sources, respectively. General structural layouts for all samples are
provided in Table 1.

Table 1. Epitaxial parameters of the GaN/AlGaN HPTs on sapphire substrates, where uid refers to
being unintentionally dopped.

Carrier Concentration

Sequence Material Thickness (um) Doping Type (cm—3)

GaN i 8 x 1016
AIO.15Ga0.g5N 8 x 1016
Al,Ga;_«N (x = 0-0.15) . 3.8 x 10Y7

GaN ; 3.8 x 1016-3.8 x 107
GaN ; 3.8 x 1017

c-plane substrate

For each sample, a 25 nm thick low-temperature GaN nucleation layer was initially
deposited, followed by the high-temperature growth of a 1.5 pm thick unintentionally
doped (uid) GaN buffer layer. Subsequently, a 1 um thick n-type GaN layer (with an
electron concentration of approximately 3.5 x 10'8 cm~%) was grown as the sub-collector
and ohmic-contact layer, followed by a 200 nm thick uid GaN layer (1 &~ 8 x 10'°® cm~3) as
the collector layer. For Structure A, a 100 nm thick p-type Mg:Al,Gaj_«N layer (x = 0-0.15,
p ~ 3.8 x 1017 cm~%) was subsequently deposited as the base. The reactor was then cooled
to 550 °C in an NHj3 atmosphere for 30 min to reduce Mg atoms adhering to the chamber
wall [13]. A 50 nm thick uid Alg15GaggsN layer (n ~ 8 x 10'® cm~3) was grown as the
absorbing layer, followed by a 250 nm thick n-type Alg25Gag 75N layer (n a2 x 10! cm~3)
as the collector contact/window layer. For Structure B, a 100 nm thick p-type Mg:GaN layer
was deposited as the base, with the doping concentration gradually increasing and the hole
concentration approximating 3.8 x 101°-3.8 x 10 ¢m~3. For Structure C, a 100 nm thick
p-type Mg:GaN layer (p ~ 3.8 x 10 cm~3) was subsequently deposited as the base. The
reactor was then cooled to 550 °C in an NH3 atmosphere for 30 min to minimize the Mg
atoms’ memory effect. A 50 nm thick uid GaN layer (1 ~ 8 x 10'® cm~3) was grown as the
absorbing layer, followed by a 250 nm thick n-type Al 1GagoN layer (n ~ 2 x 108 cm—3)
as the collector contact/window layer. Although the device can be scaled to higher voltages
by applying a thicker graded structure, this may introduce other issues, such as increased
carrier recombination and electrical field non-uniformity, which can lower response speed
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and optical gain. Details of the layer structures for the three samples are also provided in
Table 1.

The uid GaN layer between the emitter and the base serves the purpose of prevent-
ing Mg atoms from compensating the emitter layer. This approach aims to enhance Mg
redistribution at the base—emitter (B-E) junction, thereby improving the emitter injection ef-
ficiency. Simultaneously, the heterojunction formed as the emitter-base junction contributes
to a larger built-in potential, facilitating higher injection efficiency and greater gain. It is
noteworthy that the heterojunction in all three samples features an energy gap with a 0.1 dif-
ference in Al composition. Furthermore, two-dimensional electron gas (2DEG) may be
generated in Structures B and C at the GaN/AlGaN interfaces. The lateral 2DEG can impact
vertical current transport by enhancing electron mobility, forming high electron concentra-
tion channels, reducing interface scattering, and lowering noise levels. The high electron
mobility of the 2DEG improves overall device conductivity, while the high-concentration
electron channel leads to a more uniform and stable vertical current distribution.

The device fabrication commenced with mesa definition achieved through an in-
ductively coupled plasma (ICP) etching process down to the sub-emitter layer, utilizing
BCl3/Cl, as gas sources. For the contact electrodes of the emitter and the collector, a
Ti/Al/Ni/Au multilayer was formed via electron-beam evaporation. Subsequently, a
rapid thermal annealing process was conducted at 830 °C for 30 s in a N, ambient environ-
ment, resulting in the formation of ring-shaped ohmic contacts. The fabricated HPTs are
two-terminal devices with a floating base, featuring an active area diameter of 150 um. A
schematic diagram illustrating the complete device structure is presented in Figure 1.

e ™~

Ti/Al/Ni/Au

n-AlGaN 250 nm

uid-GaN/AlGaN 50 nm
Ti/Al/Ni/Au Ti/Al/Ni/Au

! p-GaN/AlGaN 100 nm

4

uid-AliGa 4N (x=0-0.1) 200 nm

n-GaN 1 pm Sub-Emitter

uid-GaN 1.5 pm

c-sapphire

Figure 1. A schematic of the complete GaN /Al Ga;_4N HPT structures.

The carrier concentrations of the underlayers were determined using Hall measure-
ments conducted on additional samples, where the growth process was interrupted after
the underlayers. The structural properties of the as-grown Structures A, B, and C were
investigated through high-resolution X-ray diffraction (HRXRD) measurements. Surface
morphologies were characterized using a Bruker Dimension Edge atomic force microscope
(AFM). Current-voltage (I-V) measurements, both with and without UV illumination, were
conducted on the fabricated GaN/Alj 1Gag 9N HPTs using a Keithley 4200-SCS semicon-
ductor parameter analyzer. UV illumination was applied from the front side of the device,
utilizing an UV lamp with a center wavelength of 357 nm. A UV-enhanced, calibrated Si
detector was employed to measure the power density of the incident light. Each I-V curve
was recorded after applying a reverse bias of 5 V to eliminate accumulated holes in the
base region, which could otherwise lower the quasi-Fermi level and introduce additional
gains during testing.
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4. Results and Discussion

The full-widths at half-maximum (FWHMs) of the HRXRD (002)/(102) plane rocking
curves of the GaN epilayers are 246.5/298.2, 230.1/280.4, and 228.2/280.5 arcsecs for
Structures A, B, and C, respectively. These values correspond to a total threading dislocation
density (TDD) of 4.72 x 108 cm=2, 4.18 x 108 cm~2, and 4.18 x 108 cm~2, respectively [17],
indicating a high crystalline quality for all three samples. The crystal quality is comparable
to those grown on patterned sapphire substrates (PSSs) [18-20]. The TDDs are nearly
identical for Structures B and C, while they are slightly larger in Structure A. This difference
is attributed to newly generated dislocations caused by lattice mismatches, resulting from
the higher Al composition in the base of Structure A.

Figure 2 depicts the surface morphology of the three samples measured by an AFM.
Smooth surfaces with distinct atomic steps are evident in all samples. The root mean square
(RMS) roughness, defined as the root mean square height difference of peaks and valleys
on the surfaces, was measured to be 0.685 nm, 0.629 nm, and 0.522 nm, respectively. These
values signify the high crystalline quality of the top AlGaN epilayers. Although the RMS
values are similar, the morphological characteristics differ noticeably. Local clusters due
to insufficient diffusion of Al adatoms were observed in Figure 2a, indicating degraded
crystalline quality due to higher Al mole fractions in Structure A. The mono-atomic steps
tend to bunch, and the step edges become blurry in Figure 2b, probably due to flow
fluctuations during the growth of the graded layer. Consequently, shifting from a uniform
GaN layer to graded structures in the base may slightly degrade the surface morphology.
However, whether this trade-off is worthwhile depends on the device’s performance.

# 1.6nm | 5

-2.4 nm

Figure 2. AFM images (5 pm x 5 pm) of Structures (a) A, (b) B, and (c) C.

Figure 3 displays the dark current and photocurrent versus the collector-emitter
voltage (Vcg) for the three samples, while Figure 4 provides a comparison of the dark
and illuminated current in these samples. In Figure 4a, all samples exhibit typical output
characteristics of a bipolar transistor under dark conditions, with an offset voltage ranging
from 1.8 to 2.0 V. For Vg values below 2 V, the measured dark collector current (Icgar)
remains less than 10 pA. As the Vg increases, the Icga,k exhibits a linear and rapid rise,
reaching 0.6 uA, 0.5 pA, and 0.4 pA for Structures A, B, and C, respectively. Subsequently,
it approaches saturation more gradually after the Vcg exceeds 4.5 V, attributed to the
reduction in neutral base width and the subsequent increase in static common emitter
current gain with the Vcg. It is evident that Structure A exhibits a higher dark current,
possibly stemming from the compositionally graded base and high TDDs caused by lattice
mismatches. Notably, the dark current of Structure C is at least an order of magnitude
lower than that of the other two structures.

Figure 4b highlights noticeable differences in illuminated current among the three sam-
ples. With an increase in the Vg, the illuminated current rises rapidly up to 4.71 x 1077 A,
7.08 x 107° A, and 5.77 x 10~* A at V¢ = 1.2 V for Structures A, B, and C, respectively.
Subsequently, it approaches saturation more gradually after the Vcg exceeds 2.0 V, at-
tributed to the decrease in neutral base width and the subsequent increase in static common
emitter current gain with the Vg, which is consistent with the behavior observed in the
dark current. Structure A, featuring an Al compositionally graded base, exhibits a more
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rapid increase and provides the highest illuminated current compared to Structure B with a
doping-graded base. Conversely, Structure C, with a conventional base, displays the lowest
illuminated current, aligning with the theoretical calculations.

i Sample A

Current (A)
>

—=— dark current

—o— illuminated current
| | |

-
<
E3

A
s

107

—=— dark current
—o—illuminated current

Current (A)
s =

: =
s s

—=— dark current
—o— illuminated current

6 8 10
Ve (V)

6 8
Vg (V)

10

0 2 4 6 8 10
Ve (V)

Figure 3. I-V characteristics of (a) Structure A, (b) Structure B and (c) Structure C under dark and
UV illuminations.

() (b)
10
lﬂ'zr s r
—_ r -2
$ 104 E 107§
!. r,
£ 109 £ 10
L
£ 1%L o
s 10°f = 10°¢
D
O of 2
£ 10T ~h | £ e ~
S 102 ——1y E E ——1Ip
Lot ;— ——1 E 10°1° ——IC
lo-lér 1 L 1 1 1 1 1 L 1 L L |
0 2 4 6 8 10 0 2 4 6 8 10
Ver (V) Vee (V)

Figure 4. Comparison of (a) dark and (b) illuminated current of the three structures.

With the assumption of 100% internal quantum efficiency, the current gain is defined
as the ratio of charge carriers to the photon flux:

_ hoAl

G
qb;

(27)

where g is the electronic charge; Alc (=Icph — Icdark) is the net collector photocurrent

induced by current injection; /v is the incident photon energy; and Pj, is the total inci-

dent current power [21,22]. The intensity of the input current power for all samples was

consistent. Therefore, the gain varies directly with the Alc:

G x AL (28)

While Vcg = 10V, for a compositionally graded base, the current gain is improved
compared to a GaN base by a factor of:

Ga _ Alea
Ge Al

~ 279 (29)

The experimental current gains of the HPTs with a compositionally graded base are
observed to be higher than the theoretical calculations, primarily due to the following fac-
tors: In HPTs, incident photons are absorbed, generating electron-hole pairs. These charge
carriers are separated by the electric field, drifting towards opposite sides of the junction.
Photogenerated holes accumulate in the floating base region, leading to a reduction in the
B-E built-in barrier. This barrier lowering facilitates a significant diffusion of electrons
across the base to the collector, amplifying the primary photocurrent. For Structure A,
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under UV illumination with a dominant wavelength of 357 nm, most incident photons
traverse the n-Aly 25Gag 75N emitter—contact/window layer and p-AlyGaj_xN (x = 0-0.15)
base layer. They are effectively absorbed in the depletion region of the reverse-biased
base—collector junction, generating electron-hole pairs. The photogenerated electrons are
efficiently swept to the collector by the strong electric field in the base—collector junction.
Conversely, for Structure C, UV light is predominantly absorbed in the GaN layer before
reaching the base—collector junction. The photogenerated holes and electrons are separated
by the electric field in the emitter-base junction. However, the electric field in the forward-
biased emitter—base junction is relatively weak, leading to the possible recombination of
photogenerated holes and electrons before separation. This significantly decreases the
quantum efficiency. The theoretical bandgap variation (AEg) of the base can theoretically
range from 0 to 0.5 eV. However, an increase in the Al mole fraction of the Al,Ga;_xN
epilayers poses challenges in growing high-crystalline-quality epilayers due to the easier
formation of dislocations and uncontrollable doping. Therefore, a tradeoff is necessary
between the advantages of an increased built-in electrical field and the disadvantages of
increased misfit and threading dislocations. AEg should be controlled within a reasonable
range, and the recommended value of AEg in the HPT with a compositionally graded base
is between 0.1 and 0.25 eV.

For a doping-graded base, while Vg = 10 V, the current gain is improved compared
to a GaN base by a factor of:

Gp Al _
Ge Bl ~ 6.1 (30)

The experimental results for a doping-graded base surpass the theoretical calculations,
possibly attributed to a reduced Mg memory effect in Structure B. The phenomenon where
CpMg tends to be absorbed onto the reactor liners and walls after sources turn off results
in the redistribution of Mg atoms in the emitter layer. The comparatively lower Mg
concentration in the base of Structure B mitigates the Mg redistribution issue, enhancing
emitter injection and consequently increasing the current gain [13]. In a typical bipolar
transistor, maintaining a high current gain necessitates the doping concentration in the
base to be substantially lower than that in the emitter and higher than that in the collector.
Consequently, the factor A in Equation (10) remains relatively unchanged, primarily limiting
the effectiveness of a doping-graded base in enhancing current gain.

5. Conclusions

This investigation has focused on GaN/Al Ga;_,N-based HPTs featuring both a
compositionally graded base and a doping-graded base. Theoretical analyses and empirical
fabrications were conducted to evaluate the performance enhancements afforded by these
designs. Relative to conventional GaN base structures, HPTs with a compositionally graded
base exhibited substantial improvements in current gain, with theoretical predictions and
experimental outcomes showing increases by factors of 12 and 27.9, respectively. The
observed enhancement correlates with a controlled bandgap variation (AEg) of 0.15 eV
within the graded Al composition of the base.

Additionally, HPTs with a doping-graded base demonstrated significant current gain
enhancements, with theoretical and experimental increases by factors of 2 and 6.1, re-
spectively. This improvement is directly linked to the variation in hole concentration,
which spans from 3.8 x 10'® cm~2 at the base—emitter junction to 3.8 x 1017 cm~3 at the
base—collector junction.

Collectively, the results affirm that both doping and compositional gradations within
the base structure substantially elevate current gain, with the effects being more pronounced
in the compositionally graded bases. These enhancements are principally attributed to the
inherent built-in electric fields created by the graded structures. This study not only under-
scores the efficacy of graded base designs in boosting the performance of GaN/Al,Ga;_xN
HPTs but also contributes valuable insights into optimizing phototransistor designs for
enhanced sensitivity and efficiency in UV detection applications.
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