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Traditional GaN-based metal-semiconductor-metal (MSM) photodetector (PD) features a symmetric structure,
and thus a poor lateral carrier transport can be encountered, which can decrease the photocurrent and responsivity.
To improve its photoelectric performance, we propose GaN-based MSM photodetectors with an AlGaN polari-
zation layer structure on the GaN absorption layer. By using the AlGaN polarization layer, the electric field in the
metal/GaN Schottky junction can be replaced by the electric fields in the metal/AlGaN Schottky junction and the
AlGaN/GaN heterojunction. The increased polarization electric field can enhance the transport for the photogen-
erated carriers. More importantly, such polarization electric field cannot be easily screened by free carriers, thus
showing the detectability for the even stronger illumination intensity. Moreover, we also conduct in-depth para-
metric investigations into the impact of different designs on the photocurrent and the responsivity. Hence, device
physics regarding such proposed MSM PDs has been summarized. © 2021 Optica Publishing Group

https://doi.org/10.1364/A0.445069

1. INTRODUCTION

Because of the advantages of wide direct bandgap, high electron
saturation velocity, high thermal conductivity, and excellent
chemical and physical stability [1], GaN and its ternary com-
pound materials have been widely applied in light-emitting
diodes (LEDs), power devices, photodetectors (PDs) and so
on [2-4]. Among the GaN-based semiconductor devices,
GaN-based PDs have attracted enormous interest in environ-
mental monitoring, missile detection, flame detection, UV
communications and so on [5,6]. Since the first photocon-
ductive ultraviolet detector based on insulating single-crystal
GaN was successfully fabricated by Khan e 4/. in 1992 [7],
GaN-based PDs have undergone rapid development in recent
years [8—10]. Up to now, GaN-based ultraviolet PDs have been
well developed, including p-i-n photodiodes, Schottky barrier
diodes, metal-semiconductor-metal (MSM) photodetectors,
and avalanche photodiodes (APDs) [11-14]. Among them,
MSM photodetectors are ideal choices for light detection due to
the simple fabrication process and suitability for the monolithic
integration of an optical receiver [15]. However, at the current
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stage, a very important target is to improve the photogenerated
carrier transport and enhance the photoelectric conversion
capability, which is strongly affected by the electric field in the
Schottky contact region. The traditional MSM PD separates
and transports the photogenerated carriers by utilizing the elec-
tric field in the Schottky junctions at two metal/semiconductor
interfaces, thereby generating photocurrent. However, the
electric field intensity in the Schottky junction is limited by
the work function between alloyed metal and the semicon-
ductor. Meanwhile, the screening effect to the electric field by
the photogenerated carriers will weaken the electric field, and
this can further decrease the carrier transport efficiency [16].
Nevertheless, the aforementioned issues can be partially solved
when an asymmetric Schottky barrier structure is used, and by
doing so, higher photocurrent and responsivity can be realized
[17]. For achieving that goal, an effective method is to fabricate
different metal contacts at two ends of the MSM PDs, includ-
ing utilizing different contact materials and different contact
areas, which are known as asymmetric MSM PDs [18,19]. For
example, Ref. [17] has demonstrated an asymmetric (Pt—Ag,
Pt—Cr) GaN PD that shows the enhanced responsivity. This is
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attributed to the increased difference in work function between
the two contacts, which improves the carrier transport and col-
lection. Moreover, the enhanced carrier transport and collection
capability can also be obtained by increasing the electric field
magnitude in the absorption layer. It is worth mentioning that
using AlGaN/GaN heterostructure can result in a strong electric
field in the AlGaN and GaN layers [20]. The strong electric
field therein is attributed to the spontaneous polarization and
piezoelectric polarization. Most recently, we have fabricated and
reported a polarization-assisted GaN-based self-powered MSM
PD with AlGaN/GaN heterojunction [21], which enables a
large photocurrent and a high responsivity. Nevertheless, the
impact of the structural design for polarization-assisted MSM
PD on photogenerated carrier transport and photocurrent
detectivity has not been discussed until now.

Hence, in this work, we demonstrate an asymmetric GaN-
based MSM PD structure, in which an AlGaN polarization
layer is inserted between the metal contact on one side and
the GaN absorption layer for forming the AIGaN/GaN het-
erostructure. Our design can utilize the polarization-induced
electric field at the AlIGaN/GaN interface to imitate the electric
field at the metal/semiconductor Schottky contact for the con-
ventional GaN-based MSM PD. Most importantly, we then
systematically investigate the optoelectronic performance for
the asymmetric MSM PD with different structural designs.
Meanwhile, insightful physical mechanisms and discussions are
also provided, which reveal that the resulting strong polarization
field at the AlGaN/GaN interface can facilitate the transport for
the photogenerated carriers. Furthermore, the polarization elec-
tric field therein cannot be easily screened by photogenerated
carriers, which is helpful to carry large current and avoid current
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2. DEVICE STRUCTURES AND PARAMETERS

By referring to Ref. [20], we design two types of GaN-based
PDs in Figs. 1(a) and 1(b). The reference PD (i.e., Device Ref)
is shown in Fig. 1(a) with two symmetric Schottky contacts.
The schematic device structure for the asymmetric GaN-based
MSM PD (i.e., Devices A-F) is shown in Fig. 1(b). The archi-
tectural stack for Device Refand Devices A~F consists of a 4 um
thick unintentionally doped GaN layer (N, =1 x 101 cm—3)
for absorbing light. The proposed Devices A-F also have unin-
tentionally doped Al,Ga;_,N layers of different thicknesses
(N, =1 x 10'® cm™) as the polarization layer as shown in
Fig. 1(b), in which x represents the thickness of the Al, Ga; -, N
layer and y represents the Al composition of the Al,Ga;_,N
layer. On top of all designed devices, the left anode and the right
cathode contacts are considered as Schottky contacts in our
calculations, which are both composed of a Ni/Au metal stack
for electrodes.

As is shown in Table 1, we stepwisely change the polarization
level of the entire device, the Al composition, and the thickness
of the Al, Ga;_, N polarization layer for Devices A-F. In order
to probe the impact of the different structural parameters on
the carrier transport, photocurrent, and responsivity, we con-
duct the numerical investigations by using the APSYS package
[22], which can solve physical equations including current
continuity equations, Poisson equations, and drift-diffusion
equations self-consistently with proper boundary conditions.
When the polarization level is set to 100%, the calculated polari-
zation charge density at the AlGaN/GaN heterojunction is
~3.97 x 10 m~2 [21,23]. The work function of Ni is set to
5.15 eV [24]. The absorption coefficient in terms of different
wavelengths for GaN material can be referred to Refs. [25,26].
In addition, due to the plasma-related damages during device
fabrication, the hole trap level is considered and set to 0.46 ¢V
above the valence band (i.e., Eyy + 0.46¢V) for all investi-
gated devices except Device Ref, for which the defect density
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Schematic cross-sectional structure for (a) Device Ref and (b) the proposed devices. (c) Calculated current-voltage characteristics and

(d) calculated spectral response characteristics at 3 V for Device Ref. The inset in figure (c) shows the measured current-voltage characteristics for
Device Ref at the applied bias of 3 V. The fabrication process for the experimentally measured devices have been reported in Ref. [21].
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Table 1.  Structural Information for the Investigated
Devices

Thicknessof Al Composition
Device Polarization Al,Ga;_ N of Al,Ga;_,N
Number Level Layer (x) Layer (y)
Device Ref 0% 0nm 0
Device Al 100% 100 nm 0.10
Device A2 80% 100 nm 0.10
Device A3 60% 100 nm 0.10
Device A4 40% 100 nm 0.10
Device A5 20% 100 nm 0.10
Device A6 10% 100 nm 0.10
Device Bl 100% 100 nm 0.15
Device B2 100% 100 nm 0.20
Device B3 100% 100 nm 0.25
Device B4 100% 100 nm 0.30
Device C1 100% 10 nm 0.10
Device C2 100% 50 nm 0.10
Device C3 100% 150 nm 0.10
Device C4 100% 200 nm 0.10
Device D1 100% 10 nm 0.25
Device D2 100% 50 nm 0.25
Device D3 100% 150 nm 0.25
Device D4 100% 200 nm 0.25
Device E1 100% 10 nm 0.30
Device E2 100% 50 nm 0.30
Device E3 100% 150 nm 0.30
Device E4 100% 200 nm 0.30
Device F1 100% 10 nm 0.15
Device F2 100% 10 nm 0.20

is set to 1 x 10! cm™2, and the capture cross section is set to

2.1 x 107" cm? [27,28]. The calculated current-voltage char-
acteristics for Device Ref are shown in Fig. 1(c), which shows
the same trend as the experimental data in the inset [21]. In
addition, we show the calculated spectral response characteris-
tics in Fig. 1(d). We can see that the peak responsivity is around
0.09 A/W at 3 V. The cutoff wavelength is 360 nm, which corre-
sponds to the energy bandgap for the GaN layer. The acceptable
agreement validates the models in this work.

3. RESULTS AND DISCUSSION

A. Effectiveness of the Asymmetric GaN-Based MSM
PD with an AlGaN Polarization Layer in Improving the
Photoelectric Performance

To prove the impact of the Al, Ga; _, N polarization layer on the
photoelectric performance improvement, we calculate the dark
current and the photogenerated current under the illumination
0f 266 nm for Devices Ref and Al in Fig. 2(a). We can get that
although the dark current of Device Al is increased, Device
Al exhibits the enhanced photocurrent simultaneously when
compared with Device Ref. Specifically, Device Al shows the
enhanced photocurrent of nearly 1 order of magnitude when
compared with Device Ref. This is attributed to the better lateral
carrier transport for Device Al. Therefore, we have confirmed
that the addition of AlGaN polarization layer is very useful to
improve the photoelectric performance for GaN-based MSM
PDs. To reveal the self-powered characteristics of Device Al,
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we calculate and show the spectral response characteristics of
Device Al at 0 V in the inset of Fig. 2(a). The peak responsiv-
ity of 0.002 A/W is obtained at the ultraviolet wavelength of
320 nm. The cutoff wavelength is 360 nm, which corresponds
to the energy bandgap for the GaN layer. To show the origin of
the self-powered photocurrent for Device Al, we also calculate
the lateral energy band profiles under the 266 nm illumination
for Devices Ref and Al in Figs. 2(b) and 2(c) at the applied
bias of 0 V, respectively. For Device Ref, the Schottky barrier
height is the same at both sides so that the lateral energy band
profile is symmetrical. Once illuminated with the 266 nm light,
the incident photons with an energy larger than or equal to
the bandgap of GaN (3.4 eV) can generate electron-hole pairs
in the surface of the GaN layer [29]. Then, the same built-in
electric field generated from Schottky barriers at both contacts
of the Ni/GaN interfaces balances the diffusion of electrons
and holes. As a result, the photogenerated current is not able to
effectively transport between the two contacts. However, due to
the adoption of the polarization AlGaN/GaN heterojunction,
the energy band can be aligned as presented in Fig. 2(c), such
that the energy barrier heights at the two contacts are strongly
unbalanced, which can remarkably promote the transport for
the carriers [30]. It is also worth mentioning that the energy
band alignment for Device A1 in Fig. 2(c) also favors the carrier
transport for the dark current condition, and hence the dark
current for Device Al is also higher than that for Device Ref
according to Fig. 2(a).

For better interpretation, Fig. 3(a) shows the lateral electric
field profiles for Devices Refand Al. From Fig. 3(a), we can get
that the electric field of Device A1 possesses a wider distribution
than that for Device Ref in the range of 17 and 40 pm. Note,
such region is not covered by metals and can absorb photons.
Therefore, the electric field in the optical absorption region
can facilitate the carrier transport. For comparison, the much
smaller electric field magnitude in the optical absorption region
for Device Ref cannot effectively transport the carriers. We then
show the lateral total current profiles for Devices Ref and Al
in Fig. 3(b), which illustrates that the current for Device Al is
much higher than that for Device Ref, especially in the optical
absorption region. To eliminate the impact of the electric field
on the current level, we then display the electron concentrations
and the hole concentrations for Devices Ref and A1 in Figs. 3(c)
and 3(d), respectively. We can see that the electrons and holes are
more efficiently collected by the left contact for Device A1 when
compared with Device Ref. Moreover, the hole concentration at
the left contact is much lower than the electron concentration
for Device A1, which indicates that the photogenerated current
is dominated by electrons for Device Al.

Until now, we have proven thar the addition of Al,Ga,_,N
polarization layer helps to enhance the photoelectric per-
formance of PD including the photocurrent and the spectral
responsivity. We have realized that the electric field in the optical
absorption region is essentially important. However, the elec-
tric field profiles for the proposed Device Al can be modified
by varying the polarization level, the Al composition of the
Al,Ga; N layer, the Al,Ga;_, N layer thickness, and so on.
Hence, it is essential to investigate the different parameters of
the designed PD structures, which are shown in Table 1.
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Fig. 3. Profiles of (a) lateral electric field, (b) total current, (c) electron concentration, and (d) hole concentration for Devices Ref and A1 at the
applied bias of 10 V when the wavelength of the illumination source is 266 nm.

B. Impact of the Polarization Level on the
Photoelectric Performance for the Asymmetric

GaN-Based MSM PDs

In order to probe the effect of the polarization level on the pho-

toelectric performance, we compare Devices Ref and Al to A6.
The polarization level ranges from 100% to 10% for Devices

Al to A6, which can be seen in Table 1. In this section, the Al
composition and the Al,Ga;_,N layer thickness for Devices
Al to A6 are set to 0.10 and 100 nm, respectively. We firstly
show the photocurrent for Devices Refand Al to A6 in Fig. 4(a),
which presents an increasing trend with the increased polariza-
tion level under the same illumination of 266 nm at the applied
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(a) Photocurrent and (b) peak responsivity for Devices Ref and A1 to A6 at the bias of 3 V. The inset in figure (a) shows photocurrent-

voltage characteristics under 266 nm illumination for Devices Ref and Al to AG. The inset in figure (b) shows spectral response characteristics for

Devices Refand Al to AG at the bias of 3 V. (c) Lateral electric field profiles for Devices A1, A4, and A6 at the applied bias of 3 V.

bias of 3 V. Moreover, as shown in Fig. 4(b), the peak respon-
sivity for Devices Al to A6 also enhances with the increased
polarization level at the cutoff response wavelength of 360 nm,
which corresponds to the bandgap of GaN approximately [31].
These phenomena confirm that the polarization effect at the
GaN/AlGaN heterojunction can enhance the carrier transport
at the GaN absorption layer. In addition, the insets of Figs. 4(a)
and 4(b) also reveal that the photocurrent and responsivity for
Devices Al to A6 are always higher than that for Device Ref at
different voltages and wavelengths, respectively. For the purpose
of the demonstration, we further calculate and present the lat-
eral electric field profiles for Devices A1, A4, and A6 in Fig. 4(c)
when the bias is 3 V. We can get that the electric field possesses a
wider distribution in the range of 17 and 40 pm as the increase
of polarization level. This means that a stronger electric field in
the light-absorbing region promotes the lateral carrier transport,
resulting in higher photocurrent and responsivity.

C. Impact of the Al Composition for the Al,Ga_,N
Polarization Layer on the Photoelectric Performance
for the Asymmetric GaN-Based MSM PDs

The Al composition is also an essential parameter for GaN-
based MSM PDs with Al, Ga; -, N/GaN heterojunction, which
can produce different bending levels of the energy band. To get
systematic insight into the influence of different Al composi-
tions of the Al, Ga;_, N polarization layer on the photoelectric
performance for PDs, we also design Devices B1 to B4 that are
shown in Table 1. The polarization level is set to 100%. The Al
composition of Al, Ga; _, N layer varies from 0.10 to 0.30 with
the alloy step of 0.05.

We first calculate and show the photocurrent and respon-
sivity in terms of the Al composition for Devices Al and B1 to
B4 in Figs. 5(a) and 5(b), respectively. According to Fig. 5(a),
the photocurrent decreases as the Al composition increases
at the applied bias of 3 V. This is attributed to the increased
energy band barrier height, thus suppressing the thermionic
emission process for carriers at the GaN/AlGaN interface when
the Al composition of Al,Ga;_, N layer increases. The inset in
Fig. 5(a) displays the photocurrent-voltage characteristics for
the six investigated devices with various Al compositions. We
can see that the photocurrent decreases significantly when the Al
composition increases to 0.30 (i.e., Device B4) especially at low
biases. The photocurrent tends to be close to that of Device Ref
when the applied bias gradually increases, which further illus-
trates that the thermionic emission for carriers can climb over
the large energy band barrier height at the GaN/Alj 30Gag 70N
interface only when the applied bias is big enough. Then,
the responsivity for the six calculated devices is presented in
Fig. 5(b). Excellent agreement is obtained between Figs. 5(a)
and 5(b), such that the increased photogenerated current gives
rise to the enhanced responsivity when compare Devices Al and
B4. To even better addressing that point, we selectively show the
energy band diagrams for Devices Al and B4 in Figs. 5(c) and
5(d). The conduction band barrier heights (defined as ®;) are
104.90 meV and 343.21 meV for Devices Al and B4, respec-
tively. Thus, we summarize thata properly small Al composition
for the AlGaN polarization layer is desired for obtaining the
higher photocurrent and the enhanced responsivity.
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photocurrent-voltage characteristics under 266 nm illumination and the spectral response characteristics at the applied bias of 3 V for Devices Ref; Al
and B1 to B4, respectively. Energy band diagrams for (c) Device Al and (d) Device B4 at 3 V when the wavelength of the illumination laser is 266 nm.
E,, E,, E;, and E, represent the conduction band, valence band, quasi-Fermi levels for electrons and holes, respectively.

D. Impact of the Al,Ga,_,N Layer Thickness on the
Photoelectric Performance for the Asymmetric
GaN-Based MSM PDs

Besides the polarization level and the Al composition for the
Al,Ga; N layer, the carrier transport can also be affected
by the thickness of the Al,Ga;_,N polarization layer, thus
influencing the photocurrent and responsivity. In this part,
we then design Devices C1 to C4 with various thicknesses
of Aly10GaggoN layer (see Table 1). Note, our discussion
in Section 3.C indicates that the Al composition of 0.10 for
the AlGaN layer can be the optimized values from the point
of numerical view. For the purpose of comparison, other Al
composition values of 0.25 and 0.30 are also set.

As shown in Fig. 6(a), we investigate the photocurrent as
a function of the AlGaN layer thickness by analyzing three
groups of devices with different Al composition values. We can
clearly find that the photocurrents for the proposed PDs with
different thicknesses of Aly 19GaggoN layer are all higher than
that for Device Ref and the photocurrent hardly depends on
the Alp10Gag 90N layer thickness. However, as the Al compo-
sition increases, the trend shows a gradual decrease. When the
Al 30Gag 70N layer thickness exceeds 50 nm, the photocurrent
value at the applied bias of 3 V is lower than that of Device
Ref. Then, we calculate the peak responsivity at the applied
bias of 3 V in terms of the AlGaN layer thickness for these
devices in Fig. 6(b). Being consistent with the results in Fig. 6(a),
the Alp10Gag.ooN layer thickness has negligible effect on the
responsivity. When the Al composition increases to 0.30, the
peak responsivity decreases with the increase of AlGaN layer
thickness. As has been demonstrated earlier, the thickness of

the Aly 10Gag 90N polarization layer can effectively confine the
electric field in the absorption layer. Hence, the variation for the
Alp10Gag 90N layer thickness does not affect the electric field
distribution inside the devices [see Fig. 6(c)]. However, when
the Al composition increases, we can see that the electric field of
Device E4 is lower than that of Device E1 in the absorption layer
according to Fig. 6(d).

E. Impact of the Al Composition of 10 nm thick
Al,Ga,_yN Layer on the Photoelectric Performance
for the Asymmetric GaN-Based MSM PDs

In this section, the impact of the Al composition for PDs with
10 nm thick Al,Ga;_, N layer on the photoelectric perform-
ance is studied. The detailed structural information of the
Al,Ga;_, N layer for PDs is summarized in Table 1. Devices C1,
D1, E1, F1,and F2 are structurally identical to each other except
the Al composition. Meanwhile, Devices Al and B1 to B4 with
various Al compositions for the 100 nm thick Al, Ga;_, N layer
arealso presented for comparison.

Figures 7(a) and 7(b) show the photocurrent and peak
responsivity in terms of different Al compositions of the
AlyGal_),N layer for Devices Ref, C1, D1, E1, F1, and F2
at the voltage of 3 V. In the meantime, the insets of Figs. 7(a) and
7(b) also demonstrate the photocurrent in terms of the voltage
and the responsivity in terms of the wavelength for Devices Ref,
C1,D1,E1, F1,and F2. Unlike the observations for Devices A1,
B1 to B4, the photocurrentand the responsivity for Devices C1,
D1, El, F1, and F2 are less affected by the Al composition of the
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Al,Ga; N polarization layer. However, the values of the pho-
tocurrent and the responsivity for these five devices still decrease
with the increase of Al composition for the thin Al,Ga;_,N
layer. As shown in Figs. 7(c) and 7(d), this is mainly because that

the energy band barrier height at the GaN/Al, Ga;_, N inter-
face becomes higher when the Al composition of Al,Ga;_,N
polarization layer increases, e.g., the conduction band barrier
heights (defined as ®;) are 106.96 meV and 311.87 meV for
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Devices C1 and E1, respectively. Therefore, the carriers are diffi-
cultto climb over the GaN/Al, Ga; N barrier height when the
Al composition increases to 0.30. Thus, the larger photocurrent
and the enhanced responsivity are obtained for Device C1 when
compared with Device E1 according to Figs. 7(a) and 7(b),
respectively. Note, if we further analyze Devices Al, B4, C1
and E1, we also find that the energy band barrier heights for
electrons have obvious changes [see Figs. 5(c), 5(d), 7(c), and
7(d)]. Devices Al and C1 have the similar conduction band
barrier heights, and therefore two devices show the similar
photocurrent and responsivity. For Devices B4 and E1, the con-
duction band barrier height is reduced by 31.34 meV when the
Aly30Gag 7N layer is thinned from 100 to 10 nm. Therefore,
the carrier transport can be favored for Device E1, thus increas-
ing the photocurrent and the responsivity. In general, the use of
a thin polarization layer is a practicable method to get the better
photoelectric performance, especially for high Al composition
Al,Ga;_,Nlayer.

4. CONCLUSION

To summarize, we have numerically analyzed and demonstrated
that the asymmetric GaN-based MSM photodetector with
Al,Ga;_yN polarization layer in enhancing the photocur-
rent and the responsivity. The essence is that the polarization
induced electric field in the absorption layer can promote the
carrier transport, which favors the increased photocurrent
and enhanced responsivity for the proposed PD structures.
Moreover, the impact of the polarization level, Al compo-
sition, and Al,Ga;_,N polarization layer thickness on the
photoelectric performance is also investigated for the proposed
PDs. We prove that the higher polarization level is required so
that the even stronger electric field in the absorption layer can
be obtained, thus improving the carrier transport capability.
However, we also find that the Al,Ga;_,N polarization layer
shall be propetly thin so that the carrier transport will not be
sacrificed at the GaN/Al, Ga;_, N interface when the Al com-
position of the Al,Ga;_, N layer increases. We believe that the
structure design and physical mechanism analysis reported
here in this work are very important for researchers to optimize
GaN-based MSM PDs at lower cost.
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