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Modeling of resistance characteristics of a
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Huang Meng(3% %), Wu Jian(% )21, Cui Huai-Yang(#24£7£)?), Qian Jian-Qiang(Ekd i),
and Ning Yong-Qiang( 77K i )P)

a) Department of Applied Physics, Beihang University and Key Laboratory of Micro-Nano Measurement-Manipulation and
Physics (Ministry of Education), Beijing 100191, China

b) State Key Laboratory of Luminescence and Applications, Changchun Institute of Optics, Fine Mechanics and Physics,

Chinese Academy of Sciences, Changchun 130033, China

(Received 7 March 2012; revised manuscript received 18 April 2012)

The resistance characteristics of a continuously-graded distributed Bragg reflector (DBR) in a 980-nm vertical-
cavity surface-emitting laser (VCSEL) are modeled in detail. The junction resistances between the layers of both the
p- and n-DBR mirrors are analysed by combining the thermionic emission model and the finite difference method.
In the meantime, the intrinsic resistance of the DBR material system is calculated to make a comparison with the
junction resistance. The minimal values of series resistances of the graded p- and n-type DBR mirrors and the lateral
temperature-dependent resistance variation are calculated and discussed. The result indicates the potential to optimize
the design of the DBR reflectors of the 980-nm VCSELs.
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1. Introduction

In the development of a high power, single 980-nm
vertical-cavity surface-emitting laser (VCSEL) diode,
the resistance of the VCSEL, and particularly the re-
sistance of the distributed Bragg reflector (DBR), play
a very important role in the performance of the de-
vice, as these resistances lead to a considerable ther-
mal effect in the VCSEL. Thus, to enhance the VC-
SEL power and improve the device characteristics,
such as threshold current reduction, the derivation of
low-order optical modes, etc., the continuously-graded
DBR mirrors have been proposed and used for VC-
SELs in the last decade to minimize the influence of
resistance.

However, it is usually difficult to accurately de-
termine the graded DBR resistance by experimental
measurements. Instead, modeling is a more popularly-
used approach to the assessment of the resistance char-
acteristics of the graded DBR. Thus, some models on
how to calculate and determine the graded DBR re-
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1-10] ipy the past. Unfor-

sistances have been proposed!
tunately, the published modeling work concerning the
continuously-graded DBRs presented insufficient cal-
culation and analysis due to the fact that too many ap-
proximations or simplification treatments were used,
and typically, the neglect of n-type of DBR resistance.
Up to now, it is still hard to directly use the pre-
vious models and results for an exact assessment of
resistance influence from continuously-graded DBRs
for high power 980-nm VCSELs. In addition, previ-
ous studies are also lacking in discussion about the
temperature-induced resistance variation from graded
DBR mirrors, however this is important for exactly
characterizing the DBR resistance properties.

In this paper, we start with modeling both the
intrinsic and the junction resistance characteristics of
the continuously-graded Al,Ga;_,As p- and n-DBR
mirrors for high power 980-nm VCSELs in sufficient
detail by combining the thermionic emission model
and the finite difference method. Then, the temper-
ature dependence and the distribution of these resis-
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tances are calculated and discussed.

2. Intrinsic resistance of the DBR

material system

The DBR structure and material system of the
VCSEL for the model are based on the experimental
sample of a 980-nm bottom-emitting VCSEL with an
output power of 1.0 W. The top and bottom DBR
reflectors consist of 30 periods of the continuously-
graded p-type Al,Ga;_,As/Al;_,Ga,As pairs with
a thickness of 0.02 um per layer (0.1 < z < 0.9,
a carbon-doping concentration of 2.5 x 10'® c¢cm~3)
and 28-periods of continuously-graded n-type
Al,Gay_,As/Al;_,Ga,As pairs with a thickness of
0.02 um per layer (0.1 <z < 0.9, and a silicon-doping
concentration of 2.0 x 10*® cm™3), respectively. The
active region consists of two Gag glngoAs quantum
wells between which a GaAsg.g2Pg.0s layer is sand-
wiched. The device is grown on a GaAs substrate.
The L-I-V characteristics of the sample are plotted

in Fig. 1.
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Fig. 1. The L-I-V characteristics of the 980-nm VCSEL.

The intrinsic resistivity of the semiconductor ma-

terial can be expressed as/'*]
1

p(Nen: T) = q X e X Nep’ @

where T and ¢ are the temperature and the electric

charge, respectively, i is the mobility of electrons

or holes in the material, and N, denotes the car-

rier concentration. In terms of Matthiesen’s rule, the

carrier mobility of Al,Ga;_,As can be determined by
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where pte h(Nen,T) is the carrier mobility relating to
the ionized-impurity scattering and the lattice scat-
tering, and pen(z) is the carrier mobility depending
on the mole fraction, x of aluminum, which is called
alloy scattering and given by['"!

(27)1/2gh* Ny
k:T)l/Q(m:’h)l/Qx(l —2)AU?’

pen () = ( (3)

In Eq. (3), m,, denotes the effective mass of the
electron and hole, expressed respectively as m} =
(0.0667 + 0.0835x)m¢o and m; = (0.34 + 0.412x)myg
with mg being the rest mass of the electron; i = h/2m,
with A being the Planck constant; N, denotes the den-
sity of alloy sites, which is 4.46 x 10?2 cm ™2 here; AU
is the bandgap difference between Al,Ga;_,As and
GaAs materials and written as

AU = Eg a1, Gaas — Eg,Gans- (4)

Here, the bandgap of the Al,Ga;_,As material can
be expressed as!!!]

1.424 4 1.247x, x < 0.5,
1.424 4+ 1.247z + 1.147(z — 0.5)2, ()
z > 0.5.

Eg,Alm GaAs —

Provided that the doped impurity is fully ionized in
the material, its concentration may be treated as a
With Egs. (1)-(5), the
mean of the intrinsic resistivity over z € (0.1,0.9)

free carrier concentration.

for the graded p- and n-type Al,Gaj_,As materials
at T = 300 K are obtained to be 0.03714 Q-cm and
0.00125 Q-cm, respectively.

3. Junction resistance between
graded DBR layers

Since a bandgap difference exists between the two
layers which have different x values in the DBR mirror,
an isotype hetero-junction containing the carrier accu-
mulation and depletion regions separately on each side
of the junction occurs between the layers. The accu-
mulation and depletion regions for electrons in the n—n
junction are formed at the narrower bandgap (NBG)
and the broader bandgap (BBG) sides of the junc-
tion, respectively. Similarly, the accumulation and
depletion regions for holes in the p—p junction are
generated at the BBG and NBG sides, respectively.
Thus, a weak built-in electric field is generated, owing
to the same doping concentrations of the impurity in
both the NBG and BBG regions of the isotype hetero-

junction. In this case, when a reverse-bias voltage
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is applied to the junction, the injection carriers have
to overcome an additional barrier generated from the
bandgap difference to pass through the junction. This
is called the junction resistance of the DBR, which
occurs in all pairs of the DBR layers. The relevant
energy-band structures of the DBRs are illustrated in
Fig. 2.

p—p junction

(b) n—n junction

g

N v

Fig. 2. Energy-band structures of the isotype hetero-

junctions, (a) the p—p junction and (b) the n—n junction.

Obviously, there are two isotype hetero-junctions
generated in one pair of Al,Ga;_,As DBR layers, to
which the reverse-bias and the forward-bias voltages
are applied, respectively, due to the alternative varia-
tionsof x = 0.1 — 0.9 and 0.9 — 0.1 from the different
DBR layers.

In the model, the finite difference method is used
to characterize the resistance of one Al,Ga;_,As DBR
layer with the continuous variation of z-value or the
bandgap. In this way, one layer of the DBR mir-
ror may be divided into a number of discrete tran-
sitional sub-layers by Az = (0.9 — 0.1)/n here, and

thus, the continuous z-values are converted into a se-
ries of discrete graded values corresponding to the dif-
ferent transitional sub-layers so that the theory on
the abrupt bandgap difference of the isotype-hetero-
junction can be used for the continuous bandgap dif-
ference case. In addition, the thermionic emission
model is used in the DBR resistance analysis here due
to the same doping concentrations of the impurity on
both the NBG and BBG sides of the junction in the
DBR mirror, so that the carrier diffusion effect in the
junction would be weaker than the thermionic emis-
sion influence, particularly for the high power opera-
tion of 980-nm VCSELs.

3.1. Junction resistance of graded p-
DBR

As analysed above, the junction resistance in one
pair of p-DBR layers consists of two parts correspond-
ing to the reverse-bias and the forward-bias voltages,
respectively. With the thermionic emission model,?
the current density on the junction can be expressed

as

KT \1/2 qVpb
Toap = 2o () e (=57
h

<[ () —eo(=57)]. ©

where Jg, and J,, denote the current densities at the

forward-bias and the reverse-bias junctions, respec-
tively, which correspond to the symbols “+” and “—”
in Eq. (6); Vbp and Vpyp,, are the applied voltage and
the generated built-in voltage on the BBG side of the
junction, respectively; V},, is the voltage applied to the
NBG side of the junction.; Ny, is the carrier concen-
tration in the BBG region and approximately equal
to the impurity concentration in the material. As the
scattering carriers (electrons or holes) are always ac-
cumulated in the NBG region of the isotype hetero-
junction, there appears to be a better current con-
ductivity or less resistance in the NBG layer. Thus,
the applied voltage of the junction will mostly drop
into the depletion region of the BBG layer. So equa-
tion (6) can be rewritten as follows by omitting the
voltage drop into the NBG region of the junction:

kT 1/2 qVDb
T = alop (o) esp (=572

X [exp <:t q:;?) - 1]. (7)
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In terms of the Ohm’s law, the differential resistance
is written by

AVhyp

(A —

where R is the resistance and A is the area through
which the current flows. Substituting Eq. (7) into

Eq. (8) yields

2 —

, _ (@®Npp s kT 1/24 -1
Pip.rp _{ KT (27rm;;) }

X exp |:Q<VDbZ; pr):| ) (9)

In order to solve Eq. (9), the following relations

have to be satisfied for the p—p junction:!

exp(ﬂnp) - Bnp -1 o EbNbp &b

- —2 (0
eXp<_ﬁbp> + ﬂbp -1 gnan En ( )
qVan

= 11

ﬂnp kT ? ( )
Vobp — Vi

Bop = a( DbZT bp)7 (12)
_4(Vbp — V)

BP - LT ’ (13)

Q(VDp - Vp) = AEFa (14)

Van + VDbp = VDp7 (15)

where V}, and Vp,, denote the applied and the built-in
voltages of the junction; Ny, is the carrier concentra-
tion in the NBG region and is equal to Ny, here; Vpyp
is the built-in voltage of the NBG region; AFEr is the
Fermi level difference between the NBG and the BBG
regions; &, and ¢}, are the dielectric constants of the
material, which are related by

£ = (3.59 — 0.7z + 0.0922)%¢o. (16)

In the case of complete ionization of impurity, AFEg
can be expressed as

AEp = AB, + ngln(%ﬂl) - len(]]gzp)
hb b

3 *
= AB, + SkTIn( 2k ), (17)
2 myy,
where mj and my,, are the effective masses of the
holes in both the NBG and BBG regions of the junc-
tion, respectively; AE, denotes the valence-band dif-
ference between the NBG and the BBG regions and

can be expressed as

AE, = 0.3AL,, (18)
1.247Az, x < 0.45,
AE, = { 1.247Az + 1.147(x + Az — 0.45)? (19)

—1.147(x — 0.45)%, x> 0.45.

Equation (9) indicates that with the increase of
applied voltage, the junction resistance of the reverse-

bias junction increases rapidly, while that of the
forward-bias junction varies a little so that its influ-
ence may be omitted in the resistance analysis. Thus,
the resistance of the reverse-bias junction in one pair
of DBR layers will play a dominant role in the DBR
resistance effect. This is illustrated in Fig. 3.

2.5

p; /1075 Q-cm?

0.01 0.03 0.05 0.07
V/V

Fig. 3. Differential resistances versus voltage applied to
the forward-bias and reverse-bias junctions in a pair of
DBR layers.

3.2. Junction resistance of the graded n-
DBR

For the n-type DBR mirror, the Fermi level differ-
ence between the NBG and the BBG regions is written
as

AFEr = AE. — %len(%) _ len(Nnn>

m;b Npn
3 Min
AE, = 0.7 AE,, (21)

where m}, and m}, are the effective masses of the
electrons in the NBG and BBG regions of the n—n
junction; AE. denotes the conduction-band difference
between the NBG and BBG regions; Ny, and Ny
are the carrier concentrations in the BBG and NBG
regions and are approximately equal to the impurity
concentrations in the material system.

The equations for the p-DBR resistance calcula-
tion in Subsection 3.1 can still be used for the n-DBR
resistance calculation, as long as the concentration
and the effective mass of the hole for the p-DBR are
replaced by electron parameters for the n-DBR. In
general, the effective mass of the electron is much less
than that of the hole, so it would be an important
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influence on reducing the junction resistance of the n-
DBR. However, the voltage applied to the DBR mirror
would be another influence that cannot be omitted in
the resistance analysis. Thus, in order to assess the
junction resistances of both p- and n-DBRs, the re-
sistances of each as a function of applied voltage are
plotted in Fig. 4, in which the voltage drops across the
active region, the substrate and both electric contacts
are ignored due to their resistances being much lower
than the DBR when lasing is generated,[®14 that is,
V =V, + V4. The finite different number for dividing
one layer of the DBR into a number of transitional
sub-layers is set to be n = 20 in the calculation. The
applied voltage V' at the threshold of the VCSEL is
used to reduce the thermal influence, which is 1.6 V
from Fig. 2.

Figure 4 clearly shows that the junction resistance
of the n-DBR mirror cannot be simply omitted, in
comparison with the resistance of p-DBR, even if the
voltages applied to the p- and n-DBRs are 1.6 V and
This illustrates that both the p-
and n-DBR resistances should be taken into account

zero, respectively.

for the graded DBR mirrors. In addition, the resis-
tance of the p-DBR mirror is more sensitive to the
voltage applied to it.

5.4

p;/107% Q-cm?

3.4

V/V

Fig. 4. Junction resistances versus applied voltage with
a finite difference number of n = 20 for both DBRs.

In order to investigate the resistance minimized in
the graded DBR mirrors, various voltages and finite
different numbers are used in the resistance calcula-
tions of both p- and n-DBR mirrors, as it is actu-
ally difficult to exactly determine the voltage applied
to each DBR mirror by modeling or in experiments.
However, these voltages should meet the condition of

V =V, + Vi With Eq. (9), the resistances, pj, and
pe, each as a function of finite difference number, n,
are obtained and plotted in Fig. 5.
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Fig. 5. Junction resistances of the p-DBR layer (a) and
the n-DBR layer (b) versus the finite difference number at
three different applied voltages.

The results from Fig. 5 show that with the in-
crease of the finite difference number, i.e., the number
of the transitional sub-layers within one DBR layer,
the junction resistance of the p- or n-DBR mirror is
significantly reduced and eventually stabilizes and ap-
This means that the
minimal resistance of the DBR mirror may be ob-

proaches the minimal value.

tained by using finite discrete transitional layers in
one DBR layer, and it can be equivalent to the re-
sistance of the continuously-graded DBR layer. The
calculation result also shows a quantitative relation-
ship between junction resistance and the transitional
sub-layer number of one layer. This is helpful for opti-
mizing the design and fabrication of the graded DBR

mirrors.
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4. Temperature dependence and
distribution of DBR

tances

resis-

With the above model, the differential resistances
of both p- and n-DBRs can be obtained as 5.24 x
10=° Q-cm?/pair and 4.09 x 1075 Q-cm?/pair, pro-
vided that the voltages applied to the p- and n-DBRs
are 1.5 V and 0.1 V, respectively, where the overall
voltage drop of the device is 1.6 V. If the device is
800 pum in diameter, the series junction resistances
of the p- and n-type DBR mirrors will be 0.31 Q and
0.23 Q, respectively, and the series intrinsic resistances
of the p- and n-type DBR mirrors will be 3.37x 1074 Q
and 1.1 x107° €, respectively. Thus, the overall series
resistance including both intrinsic and junction resis-
tances of the two DBRs will be 0.52 €. This value is
slightly smaller than the overall device resistance of
about 0.6 € from the L-I-V data of the sample, as
the resistances of both the top and bottom contacts
in the active region and the substrate are omitted in
the calculation.

Obviously, the above results show that the intrin-
sic resistances of both DBR mirrors can be omitted
in the following calculation, in comparison with the
junction resistances. With Egs. (9)—(21), the junction
resistances each as a function of temperature can be
calculated and plotted in Fig. 6.

It is clearly seen from Fig. 6 that the resistance is
reduced with the increase of temperature in the DBR
mirrors. This can be understood by the following
physical process. As the temperature in the material
increases, the bandgap of the material decreases!'®
and the carrier energy increases. This leads the effec-
tive barrier height or the bandgap difference between
two sides of the junction to decrease so that it is easier
for carriers to diffuse into the junction under the same
bias voltage. As a result, the differential resistance of
the junction becomes smaller.

Since a Gaussian-like function may be used for
describing the radial temperature distribution in the
VCSEL from the data,[!6=18 a temperature function
T(r) = 101e~1:83x107%% 4 302 is assumed here as an
example, which is obtained from the fit to the data in
Ref. [18] to investigate the temperature-induced ra-
dial variation of the DBR resistance. Thus, the radial
junction resistance distributions of the DBRs due to

the different temperatures can be described in Fig. 7.
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Fig. 6. Junction resistances versus temperature for the
graded p- and n-DBR mirrors.
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Fig. 7. Radial junction resistance distributions due to
different temperatures in both DBRs.

The result from Fig. 7 shows that the central re-
sistance is actually lower than that on the side in the
DBR mirror resulting from the temperature influence.
Thus, the DBR resistance cannot be simply treated as
a constant for the overall cross-section in the VCSEL.
Such a resistance variation would play a reverse role
in Ohm heating.

5. Conclusions

The resistance characteristics of the DBR which
has a continuously-graded barrier in a 980-nm vertical-
cavity surface-emitting laser (VCSEL) are modeled.
The junction resistance between the layers of both
p- and n-DBR mirrors is analysed in detail by com-
bining the thermionic emission model and the finite
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difference method. In the meantime, the intrinsic re-
sistance of the DBR material system is calculated to
make a comparison with the junction resistance. The
minimal values of series resistances in the graded p-
and n-type DBR mirrors and the lateral temperature-
dependent resistance distribution are calculated and
discussed. The modeling results show that (i) the
intrinsic resistances of both DBR mirrors may actu-
ally be omitted in comparison with the junction re-
sistances, (ii) the junction resistances of both the p-
and n-DBR mirrors in the 980-nm VCSEL are com-
parable in value to each other so that the resistance
of the n-DBR cannot be simply omitted in the design
of the resistance-related electro-thermo-optic charac-
teristics of the 980-nm VCSEL, (iii) the junction re-
sistance of the p- or n-DBR mirror may be signifi-
cantly reduced and eventually approach a stable value
minimized by using a number of transitional layers
which have different discrete z-values within one DBR
layer. The result can be equivalent to the resistance
of a continuously-graded DBR layer. The quantitative
relationship between the junction resistance and the
transitional layer number in one layer of the DBR is
obtained. This is helpful for optimizing the design and
fabrication of the graded DBR mirrors, (iv) there is
a radial resistance distribution with the central resis-
tance lower than the resistance on the side of the DBR
mirror, owing to the temperature influence. Thus, the
DBR resistance cannot be simply treated as a con-
stant for the overall cross-section in the VCSEL in

some cases.
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