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Operating Current Dependence of CdZnSe/ZnMgSSe Laser Diodes
on Band Gap and Carrier Concentration of P-Type Cladding Layer.
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The dependence of CMnSelZnMgSSe laser diode characteristics on the band gap and carrier density of the
cladding layer is investigated theoretically to provide quantitative guidelines for cladding layer design. The carrier
overflow from the active layer to the cladding layer and ttre recombination current at the active layer are calculated
taking band bending around the active layer into consideration. The calculated results are consistent with experimen-
tal and reporbd characteristics.

I.INTRODUCTION
ZnMgSSe is one of the most promising materials for

blue-green laser diodes since it has an exceptionally wide
band gap for a II-VI semiconductors ttrat lattice-matched
to a GaAs substrate. This feature makes it possible to fab-
ricate a heterostructure with a large band offset and excel-
lent crystalline quality. Continuous operation at room
temperature has be achieved in lasers using this mate-
riall)2).

However, a tradeoff exists between achieving a large
band-gap and a high doping concentration3) in ZnMgSSe
because of Fermi level pinning caused by ampoteric de-
fect formation3) or localized centersa). The MgS content
of Zn1-1Mg1SySe1-y is usually chosen to obtain a carrier
concentration of more than l0l7cm-3. However, there are
no quantitative guideline for determining the concentra-
tion of a ZnMgSSe cladding layer.

In this papor, we analytically investigate the depen-
dence of laser characteristics, such as threshold current
density and operating voltage, on the carrierconcentration
and band-gap of a ZnMgSSe cladding layer for CdZnSe/
ZnMgSSe laser diodes. The recombination current at the
active layer and the overflow current to the cladding layer
is calculated for various carrier concentrations and band-
gaps of the cladding layer. The influence of the carrier
concentration on the laser diode characteristics is esti-
mated taking band bending around ttre active layer and
carrier overflow enhancement by the electric field in the
cladding layer into consideration.

(a) High p-dope level

2. ANALYZED MODEL
First, we calculated the optical gain, quasi-Fermi

level, and recombination current in a lO-nm ZnCdSe
single quantum well active layer. The relationship be-
tween the optical gain and the quasi-Fermi level can be
calculated by using the effective mass theory and density
of state formalism.s) The relationship between the recom-
bination current and the quasi-Fermi level can also be cal-
culated with a similar technique. The quasi-Fermi level
necessary for laser operation is determined using the pa-
rameters shown in Table 1.

Band bending in the cladding layer is assumed to keep
the quasi-Fermi level of the active layer and the Fermi
level of the cladding layer equal as shown in Fig. l. We
examined upward and downward band bending, which
correspond to low and high carrierconcentrations in thep-
cladding layer. When the carrier concentration of the p-
type cladding layer is sufficiently high, depletion regions
are formed atboth sides of the active layer. The amountof
space charge in the depletion region is expressed as fol-
lows-

Q:

When the carrier density of a p-rype cladding layer is
too low to supply sufficient holes to the active layer even
if the energy band of tfris layer is flat, we assumed upward
band bending as shown in Fig. 1(b). In this case the space
charge of the carrier accumulated region can be expressed
by the following form by solving Poisson's equation using

(b) Low p-dope level
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Fig. I Calculated band model of the laser diodes. Band bending takes place to match the
quasi-Fermi level of the active layer to the Fermi level of the cladding layer. In the p-type
cladding layer, a depletion layer is formed when the doping level is high, while a canili
accumulated layer is formed when the doping level is low.
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Table 1

effective
mass

electron 0.16 mo

heavy hole 0.78 mo

light hole 0.15 mo

mobility
electron 100 cm7V-s

hole l0 cm2ff.s

diffusion
length

electron 0.5 pr m

hole 0.1 pr m

laser
diode

parirmeter

cavity length lmm

cavity loss 20 cm -r

mirror reflectivity 25Vo

the effective density of state assumption for ttre valence
band

Then, we modified the carrier balance in ttre active
layer to keep pThe leakage current could be determined
based on the diffusion of minority carier over the
heterobarriets). We estimated ttre diffusion constant and
diffusion length from the electron and hole mobility of the
ZnMgSSe by assuming a canier lifetime of I nsec. When
the carrier density of the cladding layer is low, the resistiv-
ity increases and an electric field is formed in the cladding
layer. This elecric field affects the leakage of ttre minority
carriers. The effective diffusion length, taking the effect
of the electric field into account, is obtained as follows

qE+--' akr

3. RESULTS AND DISCUSSION
First" we investigated the threshold current of the laser

diodes. Figure 2 shows the relationship between the car-
rier density and Eg for various calculated threshold cur-
rent densities of a laser diode at a lasing wavelength of
520 nm. A carrier density increase from 1016 to 1917 gm-3

has almost the same effect on J6 as an Eg increase of 0.07
eV would have. Figure 2 also shows the actual ttrreshold
curent density of two laser diodes with a similar structure
fabricated in our laboratory. The difference in the carrier
density in ttreir p-cladding layer is mainly due to the dif-
ference in their growth temperatures. The experimental
values forJth are consistent with the calculated results but
a little larger than expected. This difference is mainly at-
tributable to current spreading in the gain-guiding laser
diode.

Figue 3 shows the calculated threshold cunent den-
sity versus ttre Eg of ttre p-cladding layers. The maximum
carrier density that can be obtained for a given Eg is
shown as a dashed line in Fig. 2 and is thought ro be the
present limiting factor on nitrogen doping in a monolayer
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Fig.Z Na-Nd versus Eg of a ZnMgSSe
cladding layer of a 520-nm laser diode
for various calculated threshold current
densities.

ZnMgSSe lattice matched to a GaAs substrate. The calcu-
lated values of J6 are consistent with the reported mini-
mum J6 for each wavelength rangel)7)8).

Ourcalculatedresults imply that fora laserdiode with
a wavelength of less than 500 nm, the ZnMgSSe composi-
tion that provides a threshold cunent density of less than
I kAr/grn-2 hes in a region where the Es is greater than
2.95 eY and a carrier density of less than I0l7 cm'3 can be
obtained. On the other hand, in the case of a laser diode
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Fig. 3 Calculated threshold current density
versus Eg for various wavelengths with
optimum cladding-layer doping levels
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Our work i = 517 nm
Salokatve et al. I = 509 nm
Itoh et al. i = 491 nm
Itoh et al. i = 486 nm
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Fig. 4 Na-Nd versus Eg of a ZnMgSSecladding
layer of a 520-nmlaser diode for various
operating voltages.

with a wavelength of over 520 nm, the optimum Eg is less
than2.9 ev. At this Eg value, a carrier concentration in the
p-type cladding layer ranging from 2 to 5 x 1gl7sm-3 gan
be obtained.

The operating voltage of the laser diode is another im-
portant factor in II-vI laser diodes because of the low car-
rier concentration of the p-type cladding layer and the low
hole mobility of about l0 cm2ffsec. Figure 4 shows the
carrier density and Eg for various operating voltages of a
laser diode with a wavelength of 520 nm. only the resis-
tance of the 0.5-pm cladding layer is considered as series
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resistance. The minimum operating voltage that can be
obtained in the shaded region of the figure is 5 V.

Figure 5 shows the calculated operating voltage versus
the Eg of p-cladding layers with the maximum carrier den-
sity ttrat can be obtained for a given lasing wavelength (as
in Fig. 3). As shown, the Eg rhat gives the minimum oper-
ating voltage increases as the lasing wavelength de-
crcases. Recent decreases in the battery voltage of electric
appliances, though, mean that diode lasers with an operat-
ing voltage of less ttran 5 V are needed. However, our cal-
culated results imply that this can be attained only in laser
diodes with a wavelengttr longer ttran 520 nm. Therefore,
techniques to increase the level of p-type doping to create
wide band-gap materials - such as super lattice cladding
hyersa)9) - are needed to develop practical blue laser di-
odes.

4. CONCLUSION
The dependence of laser diode characteristics on the

band gap and carrier density of the cladding layer in
ZnMgSSezncdse laser diodes wils investigated theoreti-
cally. The carrier overflow from the active layer to the
cladding layer and the recombination cunent at the active
layer were calculated taking into account the band bend-
ing around the active layer and the carrier overflow en-
hancement by the electric field in the cladding layer. The
calculated results are consistent with reported results;
even in a5?fr nm laserdiode, the minimum operating volt_
age is about 5 V. This implies ttrat the techniques to in-
crease p-type doping or the lasing wavelength are needed
to achieve a practical blue-green laser diode.
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Fig. 5 Calculated operating voltage versus Eg

for various wavelengths with optimum
cladding-layer doping levels
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