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Current flow through an InGaN/GaN/AlGaN multi-quantum well (MQW) laser diode is simulated. 
We found that electron overflow to the AlGaN p-cladding layer is very large, which prevents the 
current injection into the MQW layers. We clarified that the electron overflow occurs easily in nitride 
lasers because of three intrinsic reasons; poor hole injection due to the small hole mobility and 
thermal velocity, the small conduction band offset for InGaN/GaN, and the high threshold carrier 
density. We show that the Al composition and the p-doping of the AlGaN p-cladding layer is of 
critical importance to obtain laser oscillation by current injection. 

 

1 Introduction

Nakamura et al. reported 10,000 hours continuous-wave
operation of nitride lasers  [1] indicating that the laser is
the most promising for the short-wavelength light
source of the large capacity optical storages. However, it
took 6 years to achieve laser diodes  [2] after lasing by
optical pumping at room temperature was first reported
in 1990  [3]. This implies that some key issues underly-
ing current injection have not yet been sufficiently clari-
fied. Considering that it also took 3 years from the first
commercialization of the nitride LED  [4], the popula-
tion inversion of carriers seems difficult for the nitride
lasers. It is well known that the p-type doping has
played an important role in the history of the nitride
research  [5] and the following realization of light emit-
ting diodes (LED)  [4]. High resistivity in p-cladding
layers is still a matter of concern to nitride researchers.
The hole injection then seems to be a problem. 

Another unclarified issue is the band-offset for the
heterojunctions. The value for the band offset is very
controversial. The valence band offset for InN/GaN has
been reported to be theoretically 0.51 eV by Albanesi et
al.  [6], 0.48 eV by Wei et al.  [7], and experimentally
1.05 eV by Martin et al.  [8]. We believe that the con-
duction band offset for InGaN/GaN is small, based on
the following observations  [9]: we compared two LEDs
with In0.13Ga0.87N/GaN and In0.07Ga0.93N/
Al0.05Ga0.95N double-hetero structures, both of which
have the same bandgap difference between the active
and the cladding layer. On current injection, the InGaN/

GaN LED showed a weak active layer luminescence a
relatively strong deep-level luminescence in the GaN
cladding layer. These results indicated that the elect
overflow to the p-cladding layer disturbs the curre
injection to the active layer. In contrast, the InGaN
AlGaN showed strong active-layer luminescence. Sin
photoluminescence intensities were comparable for 
two structures, we believe the conduction band offse
smaller for InGaN/GaN than for InGaN/AlGaN. The
value for the ratio of conduction band offset to valen
band for InN/GaN of 3:7 reported by Martin et al.  [8
explains these results well. This implies that electr
overflow  occurs easily in nitride lasers. Therefore, t
hole injection and electron overflow may be what mak
the population inversion of carriers difficult. Howeve
current flow in the laser has not been sufficiently stu
ied. 

In this paper, we analyzed the bands and the car
distribution self-consistently in an InGaN/GaN/AlGaN
MQW laser diode, and simulated current flow throug
the laser structure to investigate current paths that d
turb the laser oscillation. We found that serious electr
overflow to the p-cladding layer takes place in th
nitride lasers. 

2 Simulation of Overflow Leak Current

We used a ready-made device simulator, LASTIP  [1
and we assumed: 
• MQWs consisting of: 
• five pairs of 2-nm thick In0.15Ga0.85N wells and 5-
nm thick In0.03Ga0.97N barriers
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• 0.1-µm thick GaN SCH layers
• AlxGa1-xN cladding layers

• a ∆Ec:∆Ev ratio for InGaN/GaN of 3:7

• an electron mobility of 200 cm2/Vs for all layers

• hole mobility of 8 cm2/Vs for the p-SCH layer

• hole mobility of 6 cm2/Vs for the p-cladding layer
• nonradiative lifetime in the well layer of 1 ns
• nonradiative lifetime in the the p-cladding layer of
0.1 ns 
 Since reported ∆Ec:∆Ev ratios for GaN/AlGaN are scat-
tered  [6]  [7]  [8]  [11]  [12]  [13]  [14]  [15], we
assumed the value  5:5. Since we believe that the lasing
takes place by free carriers  [16], we assumed a radiative

coefficient, B, of 2 x 10-10 cm3/s for all layers, based on
the theoretical calculation for GaN  [17]. We varied the
Al composition and p-doping concentrations in the p-
cladding layer and the device temperature. 

We first simulated a structure having an
Al0.05Ga0.95N p-cladding layer with a p-doping concen-

tration of 2 x 1017 cm-3 at 300 K. The bandgap differ-
ence between the well and the cladding layer (∆Eg) was
500 meV. Figure 1 shows the leakage current due to the
electron overflow to the p-cladding layer and the active
layer current as functions of the total current. Since the
active layer current includes  the radiative and nonradia-
tive current in both the MQW and  the SCH layers, the
threshold active layer current for the laser oscillation

was 12 kA/cm2 assuming a threshold loss of 50 cm-1.
This value of threshold current is reasonable, because an
MQW with wells thinner and more numerous requires a
higher threshold current  [17]. We should note that this
threshold current density corresponds to the local cur-
rent density where optical gain is generated. This is
larger than experimentally observed macroscopic
threshold current densities, because current density is
not homogeneous in the well layers due to the composi-
tion fluctuation of InGaN  [18]  [19]. From Figure 1, we
found that the overflow current increases rapidly as total

current increases. At a total current of 20 kA/cm2, the
overflow current becomes more than half of that. This
large overflow prevents the increase of the active layer
current, causing a high threshold total current density

(Jth) of 37 kA/cm2. The result indicates that the electron
overflow  takes place easily for the nitride laser, because
a ∆Eg of 500 meV is generally considered to be suffi-
cient for conventional III-V lasers. An LED does not
suffer from the leakage current, since it is operated at a

current density under 1 kA/cm2. We think this is one of
the reasons why bright LEDs do not always produce las-
ing. 

We then simulated the leakage while varying the 
composition in the p-cladding layers, x, as 0.05, 0
0.15, and 0.2 with corresponding ∆Eg of 500, 640, 780,
and 920 meV, respectively. Figure 2 shows the overfl
leakage current as a function of the total current at va
ous Al compositions. Device temperature and p-dopi

concentration were again fixed at 300 K and 2 x 1017

cm-3. We found that the leakage current is significant
reduced by the increase of Al composition. The curre
density where leakage starts increases as Al composi
increases. We also found that we need ∆Eg of about 800
meV to sufficiently suppress the leakage current. 

Next, we examined the effect of the p-doping co
centration (Np) in the cladding layer. The Al composi-
tion was fixed at 0.1. Figure 3 shows the leakage curr

for a Np of 2 x 1017 cm-3 and 1 x 1018 cm-3. We found
that leakage rapidly increases as Np decreases. Although

we could not calculate  leakage under 1 x 1017 cm-3in
the high current injection regime due to the convergen

difficulty, the leakage calculated for 5 x 1016 cm-3 under
low current injection showed a very large increas
Since p-doping concentration generally decreases as
composition increases, these two are trade-off param
ters. Thus, an optimum Al composition will exist to min
imize the leakage current. 

Finally, we simulated the influence of the temper
ture of the laser diode. Figure 4 shows the overflo
leakage current when we set a constant temperatur
300, 350, and 400 K on a device. We found that t
influence of the temperature becomes pronounced
higher injection range. In reality, this large leakag
under high current injection generates heat, whi
results in further leakage. Once this positive feedba
occurs, the leakage becomes the dominant current p
and carrier density in the active layer does not increa
with the current, and laser oscillation never appears.
contrast, the influence of the temperature is small in 
lower current range. This means that when we su
ciently reduce the threshold current density, the leaka
will not occur even at higher temperature. 

3 Why Electrons Overflow

In this section we analyze how electrons leak by che
ing a band diagram of the laser diode. Figure 5 show
band diagram under laser oscillation with an Al comp
sition and p-doping concentration in the cladding lay

of 0.1 and 2 x 1017 cm-3 at 300 K. The output power is
15 mW and the operation voltage is 9 V for the diagra
The right-hand side is the p-side. The dashed lines 
quasi-Fermi levels. The inset is the magnified view 
the valence band around the MQW. We found a lar
discontinuity in the hole Fermi level between the p-SC
2  MRS Internet J. Nitride Semicond. Res. 3, 2 (1998).
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layer and the MQW, indicating poor hole injection into
the MQW from the SCH layer. This poor hole injection
occurs because hole mobility and thermal velocity are
small due to the large hole masses of nitride materials.
Then the current flow over the heterojunction between
the p-SCH and the MQW becomes small resulting in the
large Fermi level discontinuity. The poor hole injection
into the MQW also causes the large hole density at the
p-SCH layer, which attracts electrons to the p-side. In
this way, Fermi levels are higher in the p-side SCH layer
than in the n-side both for the conduction and valence
bands. We also found that the slope of the p-cladding
layer is large due to the high resistivity. 

Next we looked at the distribution of the hole and
electron densities across the laser structure. Figure 6
shows the hole density distribution at the same situation
as that in the band diagram. The transverse axis is the
same as that in Figure 5. We found that the hole density

at the p- SCH layer reaches over 1018 cm-3. We also
found that the hole densities in the well layers are inho-
mogeneous reflecting the poor hole injection. Figure 7
shows the electron density distribution. The electron
density is larger in the p-side SCH layer than in the n-
side SCH. This large electron density at the p-side SCH
layer is caused by the following three factors: first, the
poor hole injection described above, second, the small
band-offset ratio (o.3) of the conduction band between
InGaN and GaN, and third, the high threshold carrier

density of over 1 x 1019 cm-3. Regarding the third factor,
the electron Fermi level must be raised higher to make
population inversion, since the hole Fermi level is not
easily raised. This is because there are three bands in the
valence band, two of which have very large effective
masses. In this way, the electron density becomes large

in the p-SCH layer. It becomes more than 1018 cm-3

near the interface of the p-SCH and p-cladding layer and

serious overflow of over 1015 cm-3 to the p-cladding
layer takes place. The overflow is enhanced by the high
electric field caused by the high resistivity in the p-clad-
ding layer. From Figure 7, we also found that electron
injection is inhomogeneous in the well layers. It
increases towards the p-side,  as in the hole case. These
inhomogeneous injections of carriers will cause inho-
mogeneous generation of the optical gain.   

From the results described above, there are three
intrinsic causes for the large electron overflow in the
nitride lasers:  the poor hole injection due to the small
thermal velocity and mobility of the holes, the small
conduction band offset for InGaN/GaN, and the large
threshold carrier density. These are intrinsic to nitride
materials; we can not avoid them. Therefore, it is very
important to improve the three non-intrinsic factors: low

Al composition, high resistivity, and short carrier life
time in the p-cladding layer. 

4 Conclusion

In summary, we found that electrons easily overflow 
the p-side layers in nitride lasers because of  three int
sic reasons: 
1. poor hole injection
2. the small conduction band offset of InGaN/GaN, an
3. the high threshold carrier density.
 We showed that this leakage disturbs the current inj
tion to the MQW, and that a high Al composition and 
doping in the p-cladding layer is of critical importanc
to injection. 
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FIGURES

Figure 1. Leakage current due to the overflow to the p-cladding
layer and current injected into the MQW layer as functions of
total current. Leakage starts in the low current region. Although
the threshold active layer current for the laser oscillation is 12

kA/cm2, large overflow causes a high threshold total current

density of 37 kA/cm2.  

Figure 2. Overflow current as a function of total current at
various Al compositions. The current density where leakage
starts increases as Al composition increases. We need ∆Eg of

about 800 meV to sufficiently suppress the leakage current.  

Figure 3. Overflow current as a function of total current 
various p-concentrations.  

Figure 4. Overflow current as a function of total current 
various temperatures. The influence of the temperat
becomes pronounced in higher injection range.  
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Figure 5. Band diagram under laser oscillation. The dashed
lines are quasi-Fermi levels and the inset is the magnified view
of the valence band around the MQW. A large discontinuity in
the hole Fermi level between the p-SCH layer and the MQW
and large electric field in the p-cladding layer are observed.  

Figure 6. Hole density distribution at the same situation as that
in the band diagram. Hole density at the p- SCH layer reaches

over 1018 cm-3 and that in the well layers are inhomogeneous
in each well.  

Figure 7. Electron density distribution. The electron density
larger in the p-side SCH layer than in the n-side SCH.  
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