CHARACTERISTICS OF P-TYPE AlAs/GaAs BRAGG
MIRRORS GROWN BY MBE ON (100) AND (311)A
ORIENTED SUBSTRATES

M. K. Moravvej-Farshi

Department of Electrical Engineering
Tarbiat Modarres University
Tehran, Iran

Abstract P-type GaAs/AlAs distributed Bragg mirrors have been grown using molecular beam epitaxy
on (100) and (311)A GaAs substrates in a similar conditions. A comparison of I-V measurements shows
that the resistance of the ungraded mirrors grown on the (311)A substrate is 35 times lower than those
grown on the (100) substrate with similar structure. The effective barrier heights for both (311)A and (100)
barriers were extracted from their Arrhenius behaviour, obtained from their current temperature
dependence. The calculated values for (311)A and (100) effective barrier heights are 141 meV and 341
meV, respectively. The room temperature values of the specific differential resistance for both devices
around zero bias [1.e. R, =(dV/dJ)l,_ ] were calculated. The approximated values for (311)A and (100)
devices are 80 mQ-cm? and 2.8Q-cm? respectively.

Key Words AlAs, GaAs, DBR, Substrate Orientation, VCSEL

L GaAs sl 5, Pess GaAs g AlAs Jlgie g 55U clo a¥ u, L «(Bragg) STy clo asf PR
b dasii fuglie ol ot a3l LS, Lol 1 ;0 MBE)  JoShe aad by, 40 <YV 1A () * +) glo cg
A,k YO UYY DA clo STy 59, 1 oad oold ad ola al)f cuaglia af was oo oy LsS Jlislo g95 90 I IV
99 2 gl ety s Sge £ LAS1 Ll 35295 () * +) gla SUgu g5 o ool udy aplie gla )] cenglia
el ) 5 apsloee ppolie sl oal s &y oo 4y Lgdl (S 2SU) b2 (K (g5 001 51 onliaol L ¢ lasLs
Cuaglie glo o3l . YFIMEV A FY meVjl casl o jle s 54 (V0 ) g (VY V) A gl g 50 Jumailiy ds Sge
i a8 ppolie .l 0 dpwlon Ry = (AV/AD)lyc  sime] o (bl s> 50 Jti5lo g5 50 o Lolisss

XA Q-cm” g A Qm-cm V) el oyl (Ve ) g (FV VA glo al ol e s

INTRODUCTION Bragg refflectors (DBR) stacks.

There are several developed

The numerous unique properties of vertical cavity
surface emitting lasers (VCSELs) have made them
the center of the attention. Figure 1 illustrates
schematic diagrams of two different VCSEL
structures. Depending on the designed structure, the
output light may either be emitted from the bottom
surface via the n-type mirrors [Figure 1(a)] or from
the top surface through the p-type mirrors of the
VCSEL [Figure 1(b)]. Ina typical VCSEL, current is
injected into the active region through the mirrors
nomally formed by epitaxially grown distributed
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applications in which VCSELs could be used. As
arrays they could serve as print heads in laser
printers, or as multi-track readout heads from optical
data stroage media. However, the high resistance of
VCSEL's p-type AlAs/GaAs DBR mirrors limits the
device efficiency and has been the major obstacle in
preventing VCSELSs becoming anintegrated part of
many other practical optical systems [1]. The
higher resistance of the p-type AlAs/GaAsmirrorsis
attributed to the heavier effective mass for the holes
than to the electrons in both materials, and also to
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the solubility limit of Be in AlAs. Be is a common
p-type dopant in MBE grown Al Ga,_ As layers [2].
Low resistance mirrors recently have been fabricated,
either by electrically by-passing the VCSEL's top p-
type Bragg mirrors deposited after formation of the
top ohmic contact [3] or by using Be-doped piece-
wise linearly graded (Al, Ga)As Bragg mirrors [4].
The importance of the DBR resistance and the
possibility of producing lower threshold currents when
lasers are grown on the high order index GaAs
substrates rather than conventional (100) oriented
substrates is well known [5]. Therefore, in this paper
the influence of the substrate orientation on the
resistance of the ungraded p-type AlAs/GaAs Bragg
mirrors grown by molecular beam epitaxy (MBE) has
been examined, and the effective heights of the
respective barriers have been compared. The p-type
mirrors grown on a (311)A oriented substrate
demonstrated a significantly lower resismace and
considerably smaller effective barrier heightthan those
of p-type mirrors grown on a (100) oriented substrate.

ISOTYPE HETEROSTRUCTURES UNDER
BIAS

As shown in Figure 1, the sturcture of a typical
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VCSEL is so doped to form a p-i-n diode. The p-and
n-type DBR stacks are highly doped. Therefore, the
fermi levels inthese regions lie close to the respective
band edges and band bendings occurin the vicinity of
the heterointerfaces. Schematic diagrams of valence
band edge for one pair of such heterointerfaces in a
p*-doped GaAs/AlAs stack are illustrated in Figure
2. While the diagram shown in Figure 2(a) represents
the valence band edge under thermal equilibrium
condition, Figure 2(b) shows the same valence band
edge under a biased condition. As it can be seen from
Figure 2(a), after formation of the heterojunction,
holes are depleted from the wide bandgap material
(i.e. AlAs) into the narrow bandgap material (i.e.
GaAs) and accumulate there.

When AV is the potential dropped across the
pair of heterointerface, shown in Figure 2,
junctions j, and j, are subject to potential drops of V,
and V,, respectively, where AV=V +V, . Note that
in suchastructure if j, is a reverse biased junction,
j, will be under a forward bias. As long as the
depletion width near j, is sufficiently narrow, the
barrier atj, will show avery small resistance toward
the carrier flow, and holes tunnel through the
potential spike, from GaAs into AlAs. Hence, the

"thermionic field emission"” is the dominant process
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Figure 1. Schematic diagrams of two VCSEL structures: (a) emitting from the botom surface; (b) emitting from the top

surface.
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Figure 2. A schematic diagram of valence band edge for one pair of highly doped p-type AlAs/GaAs hetero-interface under:
(a) thermal equlibrium condition; (b) an arbitrary biased situation. The symbol«® indicates the direction of hole flow.

in the carrier flow across j,. Otherwise, the structure
will have a large electrical resistance. Junction j,,
however, presents no barrier to holes travelling, from
AlAs toward GaAs, under the forward bias. That
is, the "thermionic emission"” is the dominant process
in the carrier flow across j, and thus, j, offers a very
low resistance to the holes current. Therefore, in
orderto achive a low series resistance in a VCSEL,
it is necessary to ensure a significant tunnelling
probability through the reverse biased junctions in
the DBR mirrors. This is done by doping the layers
to a sufficient level to give narrow depletion

regions,
DEVICE FABRICATION

Samples were grown, simultaneously, by MBE
on semi-insulating GaAs substrates with orientaions
(100) and (311) A. The growth temperature and As/
Ga equivalent flux ratio were 630°C and 12:1
respectively. The epitaxial structure consisted of
a lpm GaAs buffer layer followed by 21 periods
of quarter-wavelength AlAs (687A)/GaAs (576A)
Bragg stack covered by a lum GaAs capping
layer. All layers were doped with Be to the
nominal level of 2x10"™ cm™.

First, in order to compare the reflectance of

international Journal of Engineering

the Bragg reflectors, the top GaAs buffer layer and
the first AlAs layer have been etched, from the test
samples, selectively using SNH,OH: 95H,0, and HF
respectively.

Then, the epitaxial layers were processed into
mesas of various radii by means of conventional
photolithography and wet etching. The etchant
used was a 1:10 mixwure of H,PO,: H,O,. The etch
rate depended on the substrate orientation and for
the (311) A and (100) oriented substrates, it was
4,0 pum/min, and 4.5 pm/min respectively. The
etching processes were carefully controlled sothat
the device lower contact could be made to the top of
p-type GaAs buffer layer. The ohmic contacts
consisted of 10nm Au, 5nm Zn, 200 nm Au and were
annealed for 30 seconds at 310°C. A schematic
representation of the device structure is illustrated in
Figure 3.

RESULTS AND DISCUSIONS

First, the reflectances of both Bragg stacks were
measured. The comparison showed a quite similar
reflectance for mirrors grown on both (311)A and
(100) oriented substrates.

Figure 4 illustrates the typical room temperature
I-V characteristics of the Bragg mirrors grown onthe
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Figure 3. A schematic representation of the device structure,
consisting of a 21-pair AlAs/GaAs DBR sandwiched between
two 1um-GaAs layers grownon asemi-insulating GaAs substrate.

(100) and (31 1)A substrates. The forward and reverse
I-V characteristics for (100) sample are shown by
solid line and open squares, respectively, whereas for
(311)A sample these are illustrated by the dashed line
and open circles. It is worth noting that the I-V
characteristics for both the (100) and (311)A devices
are symmetrical. This result was expected because of
the symmetry of the devices.

It can be seen that the device manufactured from
the (311)A wafer has a current which is nearly two
ordersof magnitued greaterthan the equivalentdevice
grownon the (100) pl ané forany given voltage within
the measured range, at the room temperature. This
indicates that the resistance of the ungraded Bragg
reflectors grown on the (311)A oriented substrate is
lower than that of the similar Bragg reflectors grown
on the (100) oriented substrate. The data shown in
Figure 4, was obtained from devices whose measas
had nominal diameters of 100um and with ohmic
contacts of 90 um diameters. Results from other
devices with a range of measa sizes are in broad
agreement with those presented in Figure 4.

Measurements of the device characteristics, at
various temperatures, were performed over the range
of 100-400°K. The Arrhenius behaviour of both
(100) and (311)A oriented devices at 75 mV is
illustrated in Figure 5. The smaller slopes of the
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Figure 4. Comparison of the I-V characteristics of the devices of
Figure 3 grown on the (100) and (311)A oriented substrates. The
forward and reverse I-V characteristics for (100) sample are
shown by asolid line and open squares, respectively, whereas for
(311) A sample these are illustrated by the dashed line and open
circlea diameter was nominally 100pm with a 90 pm diameter
ohmic contact.

(311)A plots indicate that the effective height for the
barrier at the interface of an AlAs/GaAs structure
grown on the (311)A substrate is smaller than that of
the similar structure grown on the (100) wafer. Fitting
the data, using the "thermionic feild emission"
approximation [6], corresponding values of the
effective barrier heights were approximated to be 341
meV for(100)and 141 meV for (311)A, respectively.

To extract values for the effective barrier heights
around zero bias, the specific differential resistances
of both devices at various temperatures around zero
bias {i.e.,R = dv/nl,_,} [7] were calculated. Figure
6 illustrates this behaviour forboth devices.The dark
circles connected with a solid line represent the

calculated values of the specific differential resistance
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Figure 5. The Arrhenius behaviour of both (100) and (311) A
oriented devices at 75 mV and 0 mV, extracted from the
temperature dependence of device currents.

for the (100) device, whereas those of the (311)A
device is shown by the open circles connceted by the
dotted line. The room temperature values are
approximatly 0.080 Q-cm? for (311)A device and
2.8Q-cm? for (100) device, respectively.

CONCLUSION

It has been demonstrated that the resistance of
ungraded p-type Bragg stack grown on (311)A
oriented GaAs surface is 35 times smaller than the
resistance of those grown on the conventional (100)
oriented GaAs surface with similar structures. The
temperature variations of I-V characteristics has
shown that the effective height of the barrier at the
interface of the AlAs/GaAs structure grown on the
(311)A oriented wafer is smaller than that of the
equivalent barrier on the (100) substrate. Although,
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Figure 6. The specific differential resistance of both (100)
and (311) oriented devices at various temperatures around
Zero. bias {i.e.,R =(dV/DJ)|,,_ } Thedark circles connected
with a solid line represent the calculated values of the
specific differential resistnace for the (100) device, whereas
those of the (311)A device is shown by the open circles
connected by the dotted line.

the reason for the reduction in resistance of the p-type
DBR is attributed to the lower effective barrier
height for the (311)A structure, there are other
possibilities which may account for this
improvement. The band offset may be less for the
(311)A than the (100), or the hole effective mass may
be smaller (i.e. a smaller curvature in the valence
band structure) in the (311)A direction. The lower
effective barrier for the (311)A structure indicates
that the tunnelling component of the hole current in
this structure is greater than that of the (100) structure.
Hence, one might conclude that the solubility limit of
Bein (311)A AlAs layers grown by MBE should be
much greater than 5x10"cm 3, obtained by Kopfetal.
{21, for (100) oriented AlAs layers. In that case, the
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depletion width in the (311)A oriented AlAs layers
expected to be half of that in the (100) oriented AlAs
layers, grown under the similar conditions, in this
work. Regarding of the tunnelling probability, when
the holes effective mass and the valence band offsets
for both (100) and (311)A structures is considered to
be similar, the tunnelling probability for the (311)A
barriers under reverse bias is almost 5 times greater
than that for the (100) barriers in the similar reverse
bias.

By peice-wise linearly grading the heterointerfaces
in a 21-pair Al Ga,, As DBR mirrors with Al mole
fractionof0.1<x<0.9 and auniform hole concentration
of 1.5x10%cm grownon a (100) substrate, Chalmers
et al. [4] have obtained resistivity of 4.5x10°€-cm?.
Now, having the advantage of smaller effective
barrier heights at (311)A oriented heterointerfaces,
by using the piece-wise linearly graded interfaces in
(311)ADBR, and hence reducing the effective barrier
heights even further, there is the possibility of
achieving resistance values of order of uQ-cm? In
this case, manufacturing VCSELs on the (311)A
oriented substrates with improved electrical
performance over those grown on the (100) substrate
could be beneficial.
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