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Indium tin oxide (ITO) is often used as a current spread-
ing layer in the GaN-based vertical-cavity surface-emitting
lasers (VCSELs). However, the absorption coefficient of ITO
is significant, which reduces the laser output power, raises
the threshold, and makes VCSELs hardly lase in the ultra-
violet range. To find a transparent conductive structure that
can replace ITO, we propose a periodic p-AlGaN/u-GaN/p-
GaN structure. In the simulation of light-emitting diodes, the
optimized parameter is obtained with multi-period 10 nm
p-Al0.1Ga0.9N/2 nm u-GaN/8 nm p-GaN combined with n-
GaN/n-Al0.2Ga0.8N in the n region. Applying the structure to
435 nm VCSELs and comparing it to a common VCSEL with
the ITO current spreading layer, it can be found that the new
structure reduces the threshold from 9.17 to 3.06 kA/cm2.
The laser power increases from 1.33 to 15.4 mW. The opti-
mized structure has a high laser power and a lower threshold,
which can be used in future investigations. © 2023 Optica
Publishing Group
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Group-III nitrides have high-temperature tolerance, radiation
resistance, high thermal conductivity, high breakdown volt-
age, and tunable bandgap. They have been used in vertical-
cavity surface-emitting lasers (VCSELs). Nitride VCSELs are
Fabry–Perot cavities, and the intracavity contacts should be
transparent. In the n region, highly conductive n-type nitrides
can be used as transparent contacts. However, in the p region,
the doping level of p-type nitrides is too low, resulting in low
conductivity and poor lateral current spreading in the devices.
To improve this problem, many researchers use indium tin oxide
(ITO) as a transparent conductive layer to spread the current
[1–5]. However, ITO has strong absorption, even in the visible
range (2000 cm−1) [6]. The strong absorption reduces the laser
output power and increases the threshold. It makes electrically
pumped VCSELs hardly lase in the ultraviolet range [7], even
though optically pumped VCSELs have realized the lasing at
275.9 nm [8]. To improve the impact of ITO absorption, GaN
tunnel junction (TJ) [6,9–11], AlGaN-enhanced TJ [12], and
PNP-GaN [13,14] structures were proposed. For the TJ structure,
the highly conductive n-type nitrides replace the ITO, signifi-
cantly reduce the threshold from 8 to 3.5 kA/cm2, and increase
the laser power from 80 to 550 µW [6]. The AlGaN-enhanced TJ

further reduced the operating voltage by 0.4 V and increased the
wall-plug efficiency (WPE) by 10%, compared with the com-
mon TJ structure [12]. The PNP-GaN structure can also reduce
the optical loss and increase the output power but still requires a
thin ITO layer (10 nm) [13]. The nitride TJ structures can effec-
tively reduce the optical loss in the VCSEL but require a high p
doping concentration, which is difficult in a shorter wavelength
range [15].

As is well known, polarization of group-III nitrides is strong.
For an AlGaN layer grown epitaxially on a relaxed GaN tem-
plate, the surface charge density at the GaN/AlGaN interface
that varied with the Al component is calculated (Supplement
1), as shown in Fig. 1(a). As the Al component increases, the
surface charge density increases. Many oppositely charged car-
riers will be attracted by these bound charges, accumulating at
the interface and forming two-dimensional electron gas (2DEG)
or two-dimensional hole gas (2DHG) in the narrow-bandgap
nitride, with a surface density of 1012–1014 cm−2. The carriers
have high mobility in an undoped nitride, and mobility of the
holes (electrons) reaches 170 cm2 V−1 s−1 (1000 cm2 V−1 s−1)
[16]. Such high concentration and mobility of carriers in an
undoped nitride can greatly enhance carrier transportation along
the interface.

In this work, we propose a new lateral current spreading struc-
ture for 435 nm VCSELs, as shown in Fig. 1(b). It contains a
p-AlGaN/u-GaN (unintentionally doped GaN)/p-GaN superlat-
tice (SL) structure in the p region (labeled as p-CS), which
generates 2DHG, and an n-GaN/n-AlGaN structure in the n
region (labeled as n-CS). The 2DHG in the SL could improve
the lateral current spreading. A simplified equivalent circuit for
the newly structured VCSEL is also shown in Fig. 1(b) [13]. i
indicates the number of periods in the p-CS. The u-GaN layer
is 2 nm, which reduces the scattering effect of impurities on
the hole and increases the hole’s mobility. EB is the electron
barrier at the n-GaN/n-AlGaN interface, which could hinder the
electron in the n-AlGaN layer from moving to the n-GaN layer
and increase the electron concentration. Its resistance is REB. Rp

denotes the resistance of the p-GaN-c layer. c1–ci denotes the
resistance of the ith p-GaN layer. b1–bi denotes the resistance
of the nth p-AlGaN layer. R is the total resistance of p-GaN,
MQWs, and n-GaN. Rn is the resistance of the n-AlGaN layer. j1

and j2 denote the current density on two adjacent current paths
passing through the pn junction, usually j1 > j2. The value of j1/j2
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Fig. 1. (a) Surface charge density varied with the Al component at
the GaN/AlGaN interface. (b) Structural diagram and the equivalent
circuit for the new VCSEL. (c) Structures of VCSELs N_2–N_6,
(d) R_ITO, and (e) R_GaN.

is close to 1, meaning the current within the device is uniform.
When i= 1, there is an equation

j1/j2 = 1 +
c1 + Rn

R + REB + b1
. (1)

If the p-CS has i periods, c1 = . . . = ci, b1 = . . . = bi, we can get

j1/j2 = 1 +
c1/i + Rn

R + REB + ib1
. (2)

It can be inferred that increasing the number of periods i,
reducing the resistances Rn and c1–ci, and increasing the resis-
tances REB and b1–bi can effectively reduce the value of j1/j2.
We first simulated a series of LED models using the software
PICS3D to obtain the optimized parameters of p-CS and n-
CS structures, such as the thickness and the Al component
(Supplement 1). The optimized p-CS is a multi-period 10 nm
p-Al0.1Ga0.9N/2 nm u-GaN/8 nm p-GaN, and the optimized n-CS
is n-GaN/n-Al0.2Ga0.8N. Then, we applied the optimized p-CS
and n-CS structures to a series of 435 nm VCSELs with 2, 3, 4,
5, and 6 periods of p-CS, labeled as N_2, N_3, N_4, N_5, and
N_6, respectively, as shown in Fig. 1(c). The p-Al0.2Ga0.8N layer
is the electron-blocking layer (EBL). The thickness of p-GaN
and n-AlGaN layers is used to adjust the position of the optical
field so that the active region is aligned with the antinode of
the optical field (Supplement 1). Figure 1(d) shows a reference
conventional VCSEL with an ITO layer, labeled as R_ITO. To
analyze the carrier distribution in a VCSEL without an ITO
layer, we also simulated a VCSEL without ITO, as shown in
Fig. 1(e), labeled as R_GaN.

The structure of the active region for all VCSEL models
comprises 3 periods of In0.15Ga0.85N (3 nm)/In0.02 Ga0.98N (6 nm)
multiple quantum wells (MQWs) [17], where the quantum bar-
rier layer is n-doped with a concentration of 1× 1017 cm−3 [8],
which can effectively screen the polarization electric fields [18].
The 10 nm insulating layer acts as a current confinement aper-
ture with a diameter of 5 µm, which can be prepared by ion
implantation, dry etching, and secondary growth processes. The
cavity length is 3λ, and more structural parameters are shown
elsewhere (Supplement 1). The electron concentration of n-GaN

Fig. 2. (a) I–V and (b) P–I curves of N_2–N_6 and R_ITO. (c)
The maximum temperature in the devices varied with the current.
Normalized (d) hole and (e) electron concentration distributions
along the radial direction in the last quantum well of N_2–N_6,
R_GaN, and R_ITO at 0.4 mA.

and n-AlGaN is 5× 1018 cm−3, and the hole concentration in the
p region is 5× 1017 cm−3. SRH recombination lifetime is 20 ns,
and the Auger recombination coefficient is 1× 10−31 cm6s−1 [19].
The band offset ratio is 0.7/0.3 [19]. The interface charge density
is set at 50% [19]. The mobility of the electron, hole, and 2DHG
is 100, 10, and 170 cm2V−1s−1 [16], respectively. The average
optical loss is set to be 10 cm−1 in our models [13], and the opti-
cal loss of the ITO layer is set to be 2000 cm−1 [6]. Self-heating
is also included in our models, and the parameters are listed in
Table S2 (Supplement 1).

Figure 2(a) shows the IV curves of these VCSELs. The turn-on
voltage of R_ITO, R_GaN, N_2, N_3, N_4, N_5, and N_6 are
3.52, 5.53, 4.39, 4.12, 4.28, 4.34, and 4.42 V, respectively. It can
be seen that turn-on voltages of VCSELs with the new structure
are relatively large. N_3 has the lowest turn-on voltage, 4.12 V.
A voltage snapback phenomenon is observed for N_4, N_5,
and N_6 because carriers accumulate in the p-CS and reduce
the series resistance of the devices. The snapback phenomenon
might result in excessive current flowing through the devices and
damage them. The I–V curves show a knee around 20 mA, which
will be discussed below. The series resistance of each device is
50, 953, 425, 310, 264, 247Ω below 20 mA, corresponding to
R_ITO, N2–N_6, respectively.

Figure 2(b) shows the P–I curves of each device. The thresh-
old of R_ITO is highest, with a value of 9.17 kA/cm2. However,
the thresholds of the new structures, N_2–N_6, are nearly the
same, with a value of 3.06 kA/cm2. It is mainly because the new
structure without ITO reduces the optical loss. As the current
increases, the laser power increases and reaches a maximum,
which results primarily from the device heating reducing the
efficiency. The maximum output power for N_3, N_4, N_5, N_6,
and R_ITO is 15.4, 16.4, 17.3, 17.7, and 1.33 mW, respectively,
and their corresponding thermal rollover current is 62.7, 63.0,
61.6, 62.3, and 32.0 mA, respectively. The simulation of N_2 is
hard to converge when the current reaches 38 mA but still can
observe a lower output power than other new structures.

Figure 2(c) shows the devices’ maximum temperature, located
at the center of the devices (Supplement 1), varied with the cur-
rent. It can be seen that, at 32 mA, the maximum temperature
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is 430, 456, 458, 462, and 468 K for R_ITO, N_3, N_4, N_5,
and N_6, respectively. It is because the corresponding voltage
increases. Figure 2(d) shows the normalized hole concentration
distribution along the radial direction in the last quantum well
of these VCSELs at 0.4 mA. It can be seen that the distribution
of the holes in R_GaN is the most inhomogeneous, nearly 0 at
the center. However, for N_3–N_6, holes are mainly distributed
at the center, where N_3 has a higher hole concentration at the
edge; for N_2 and R_ITO, the hole distribution at the center is
around 90%. Figure 2(e) shows the normalized electron con-
centration distribution at the same position and current. It can
be seen that the distribution is similar to the hole distribution.
Carriers distributed at the center are beneficial to the lasing
action.

The newly structured VCSELs have a high output power, low
threshold, carrier distribution at the center, and high thermal
rollover current. Among them, N_3 has the lowest turn-on volt-
age, device temperature, and no voltage snapback phenomenon,
which is more stable, and is used to compare with R_ITO to
investigate the new structure further. The simulated emission
wavelengths are around 435 and 436 nm for R_ITO and N_3,
respectively (Supplement 1).

Figures 3(a) and 3(b) show the band diagrams of the two
devices at the edge region (2 µm from the center) at 0.4 mA.
∆Ec1, ∆Ec2, and ∆Ev are the electron barriers at the n-AlGaN/n-
GaN interface, the EBL, and the barrier for a hole injection
into the active region, respectively. ∆Ec1 hinders the electron
moving into the n-GaN layer and benefits the lateral current
spreading (Supplement 1). The ∆Ec2 of R_ITO is 17 meV lower
than that of N_3, which indicates that the electron leakage from

Fig. 3. Band diagrams at the edge (2 µm from the center) of (a)
N_3 and (b) R_ITO at 0.4 mA. Band diagrams at the edge of (c)
N_3 and (d) R_ITO at 25 and 32 mA, respectively.

the active region of R_ITO will be more serious. The leaking
electrons recombine with the holes in the p region and reduce
the injection of the holes into the active region, significantly
reducing the slope efficiency (SE). The ∆Ev of N_3 and R_ITO
is nearly equal. A smaller ∆Ev benefits the holes moving into
the active region and increases the hole concentration in the
active region. Figures 3(c) and 3(d) show the band diagrams at
25 mA. It can be seen that ∆Ec2 is nearly 0, which results in the
electrons escaping from the active region more easily. For the
new structure, the escaping electron will accumulate in the p-CS
and reduce the resistance, so the IV curves show a knee around
20 mA.

Figures 3(e) and 3(f) show the band diagrams at 32 mA. The
∆Ec2 of the N_3 is still nearly 0. However, the quasi-Fermi level
for electrons in R_ITO is 96 meV higher than the minimum con-
duction band of the EBL, which causes a severe electron leakage
from the active region, and hence significantly reduces the laser
power, resulting in the thermal rollover current of 32 mA.

Figure 4(a) shows the hole concentration in the active region of
the two devices in the edge (2 µm from the center) at 0.4 mA (the
curves are shifted horizontally for clear observation). The hole
concentration of N_3 is higher than that of R_ITO, and 2DHGs
in the p-CS are also observed. A higher hole concentration in
N_3 is because their ∆Ev is nearly equal; the p-CS generates
2DHG, which works as a hole source and increases the hole
concentration.

Both hole concentrations gradually decrease toward the n-
side, with the lowest hole concentration in the first well. It is
because the holes have large effective masses and low mobility,

Fig. 4. Hole concentration in the active region of N_3 and R_ITO
at (a) the edge and (b) central regions, respectively, at 0.4 mA. Elec-
tron concentration in the active region of N_3 and R_ITO at the (c)
edge and (d) central regions, respectively, at 0.4 mA. Spontaneous
radiative recombination rate in the active region of N_3 and R_ITO
at the (e) edge and (f) central regions, respectively, at 0.4 mA. Stim-
ulated radiative recombination rate in the active region of N_3 and
R_ITO at the (g) edge and (h) central regions, respectively, at 2 mA.
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which results in difficult transportation between the quantum
wells. Figure 4(b) shows the hole concentration close to the
center of the device (0.1 µm from the center) at 0.4 mA. The
result is similar to that at the edge.

Figures 4(c) and 4(d) show the electron concentration in the
active region of N_3 and R_ITO at the edge and central regions,
respectively, at 0.4 mA. Similar to the hole distribution, the elec-
tron concentration of N_3 is higher than that of R_ITO at the
edge and central regions. The electron concentration is high-
est in the last well for the two devices. The electrons transport
quickly between quantum wells because of the small effective
mass and high mobility. The EBL blocks many electrons, result-
ing in the accumulation of electrons in the last barrier. 2DEGs
in the p-CS are also observed, which indicates the leakage of
electrons accumulating in the p-CS and further enhancing the
lateral current spreading.

The carrier distribution discussed above demonstrates that the
proposed current spreading structure can effectively increase
the device’s carrier concentration. Figures 4(e) and 4(f) show
the spontaneous radiative recombination rates (rsp) in the active
region of the two devices at the edge and central regions, respec-
tively, at 0.4 mA. Under 0.4 mA, the rsp of N_3 is higher than
that of R_ITO, at the edge and central regions. It agreed with
that of the carrier distribution.

Figures 4(g) and 4(h) show the stimulated radiative recombi-
nation rates (rst) in the active region of both devices at the edge
and central regions, respectively, at 2 mA. It can be seen that,
in the two regions, the rst of N_3 is much larger than that of
R_ITO, and the rst is larger at the last QW because of the higher
carrier concentration.

The above analysis shows that the carrier concentration of
N_3 is higher than that of R_ITO in each QW. It makes the
spontaneous and stimulated radiative recombination rate much
higher. The new structure replaces the ITO layer, significantly
reducing the optical loss and threshold and increasing the laser
power.

In summary, the 3-period 10 nm p-Al0.1Ga0.9N/2 nm u-
GaN/8 nm p-GaN structure combined with an n-GaN/n-
Al0.2Ga0.8N structure is optimized, which can replace the ITO
layer in GaN-based VCSELs. The new structure could reduce
the lasing threshold from 9.17 to 3.06 kA/cm2 and increase the
output power from 1.33 to 15.4 mW. The structure can be used
in future investigations.
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