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D. S. Katzer,a) W. S. Rabinovich, K. Ikossi-Anastasiou, and G. C. Gilbreath
U.S. Naval Research Laboratory, 4555 Overlook Avenue, S.W., Washington, D.C. 20375-5347

~Received 10 October 1999; accepted 15 February 2000!

In this work we compare the effect of the buffer layer on the device quality and surface morphology
of strained InGaAs/AlGaAs PIN multiple quantum well~MQW! modulators. We examine GaAs
buffer layers and linearly graded InGaAs buffer layers. Our results indicate that for lower indium
concentrations in the quantum wells~less than about 23%! better device performance and surface
morphology are obtained by growing directly on GaAs. PIN MQWs with indium mole fractions
higher than about 24% have better properties when a linearly graded buffer layer is used.
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I. INTRODUCTION

GaAs/AlGaAs multiple quantum well~MQW! optical
modulators grown by molecular beam epitaxy~MBE! on
GaAs substrates have been under investigation for at lea
years,1 while modulators based on the strained InGaA
AlGaAs materials system grown on GaAs have been stud
for at least 9 years.2 As shown in Fig. 1, these devices ha
optical absorption characteristics which vary with appli
bias. MQW modulators are well known in their applicatio
to fiber optic communication systems. A new application
these structures is in free-space communications system
ing modulated retroreflection of light. This application r
quires very large area devices with good electroabsorpt
low surface roughness, low sheet resistivity, reasonably h
breakdown voltage, and good optical quality.

A transmissive optical geometry is often advantage
because it simplifies the complexity of the system. This
quires the use of a substrate that is transparent to the op
radiation of interest. We have investigated the use of strai
InGaAs/AlGaAs vertical PIN MQW optical modulators fo
the 0.97–1.06mm wavelength range where GaAs is tran
parent. We have recently demonstrated that these stra
structures can be used in a 4 Mbps modulating retroreflecto
free-space communications system with a bit error rate
low 1026 and only 170 mW power consumption.3

A critical aspect in the growth of such strained epitax
layers by MBE is the selection of an appropriate buffer la
between the MQW and the GaAs substrate. In particula
buffer layer must be chosen to give the smallest surf
roughness possible because surface roughness causes o
scattering and hence losses in the system. In addition,
quality of the buffer layer influences the contrast ratio of t
modulator~which is a function of the ratio of the unbiase
and biased absorbances!. Thus it is important to have narrow
absorption peaks for a high quality modulator. In this wo
we compare the device quality and surface morphology
strained InGaAs/AlGaAs MQW modulators grown using li
early graded InGaAs buffers to those grown directly
GaAs.

aElectronic mail: katzer@estd.nrl.navy.mil
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II. EXPERIMENT

A. MBE system description

The modulator samples were grown in an early mo
Vacuum Generators V80H MBE system which uses conv
tional solid sources and also has a radio-frequency~rf!
plasma source for the growth of GaN and related co
pounds. This system has eight effusion cell ports and
pumped by a 400 l/s ion pump, a titanium sublimation pum
and a 1500 l/s cryopump mounted on a high-conducta
mitred elbow. The group III effusion cells are installed wi
two standard double-sided Conflat spacer flanges to m
them back from the shutters by 1.36 in. to improve the fl
uniformity4,5 and to reduce shutter-induced flux transient6

In addition, the gallium and indium effusion cells use
‘‘tilted insert’’ crucible to direct the flux toward the center o
the wafer to improve the uniformity.7 A conical crucible ef-
fusion cell with a cold lip is used for the aluminum sourc
8-nines ~99.999999% pure! gallium, zone-refined 6-nines
aluminum, 7-nines indium, 7-nines-5 arsenic, 6-nines be
lium, and a section of a high-resistivity float-zone-refin
silicon wafer are used as the source materials. The ars
beam equivalent pressure~BEP! was typically 15 times the
total group III BEP during the InGaAs growths. The GaA
growth rate was usually 0.5 ML/s.

The substrate heater in the MBE system is a custom-m
pyrolytic graphite heating element encased in pyrolytic b
ron nitride. This heating element was obtained for improv
heater reliability for the growth of III-nitride compounds
The indium-free mounted substrate temperature was c
brated by observing the GaAs-oxide desorption tempera
with reflection high-energy electron diffraction~RHEED!
and with optical pyrometry, with some additional measu
ments made using infrared transmission spectroscopy.8,9 For
temperatures below 400 °C~the lower temperature limit of
the pyrometer!, extrapolations to room temperature we
used. The heater was operated with constant current with
thermocouple feedback. Although we expect that the s
strate temperature may change during the initial growth
smaller band gap materials on the GaAs substrate,8,9 espe-
cially at low substrate temperatures, we did not intentiona
1609
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compensate for this effect. ‘‘MBE ready’’~001! 60.5° semi-
insulating GaAs substrates were used without any additio
cleaning steps. After the GaAs surface oxide was desor
from the surface, a thin layer of GaAs was grown~typically
0.25 mm! at 580–600 °C before the substrate temperat
was reduced to the desired growth temperature for the
MQW modulator structure.

B. MBE growth parameters

The initial stages of MBE layer growth were monitore
with a 10 kV RHEED system. Due to the unavoidable fl
nonuniformity across the sample and the difficulty in obta
ing RHEED oscillations from the geometric center of a sm
test sample, we did not calibrate our growth rates us
RHEED intensity oscillations. We instead relied on BE
measurements made using a nude ion gauge and postgr
measurements of test samples to calibrate our growth ra
For example, a calibration plot of log10 GaAs growth rate
versus log10 Ga BEP is nearly linear over a fairly large rang
~0.2–2.0 ML/s! with a correlation coefficientR.0.998. We
were able to obtain good run-to-run reproducibility by co
paring measured BEP values withex situmeasurements ove
approximately a decade of pressure range. This calibra
curve does shift over time as the source material is depl
from the crucible. As seen in Table I below, we are able
obtain excellent agreement between the designed struc
and the measured structure, with the largest error being
in the MQW InAs mole fraction of No. 1514~which was the
first InGaAs PIN MQW MBE growth run after maintenanc
on the MBE system!.

Growth rates were calculated by comparing optical ch
acteristics measured at room temperature in a Fourier tr
form infrared ~FTIR! spectrometer to those modeled by

FIG. 1. Electroabsorption spectra measured on InGaAs/AlGaAs PIN m
tiple quantum well optical modulator No. 1525 grown on GaAs.
J. Vac. Sci. Technol. B, Vol. 18, No. 3, May ÕJun 2000
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standard transfer matrix model which takes any strain in
layers into account.10 The GaAs/AlGaAs calibration sample
for these structures was typically two 6–8 period Bragg m
ror structures. The InGaAs growth rates and compositi
were also extracted with this technique by growing and m
suring test modulator structures. This method allows us
quickly measure our growth rates for several materials i
single sample. The excellent agreement between the m
sured FTIR spectrum and the modeled spectrum gives
confidence in our technique.

C. Structures examined

A series of MQWs having wells containing between 17
and 28% InGaAs was grown with and without linear
graded InGaAs buffer layers on GaAs substrates. Th
structures which had linearly graded InGaAs buffer lay
used a grading rate of 16%/mm.11 Table I shows the struc
tures of the samples. Although the structures are not ide
cal, the changes in the doping levels, the substrates, and
unstrained layer thicknesses will not appreciably change
results obtained in this study. The MQW absorption peak
primarily determined by the InAs mole fraction in the In
GaAs wells and by the strain in the structure, and is o
weakly affected by changes in the GaAs or AlGaAs laye
Thus we are able to make meaningful comparisons betw
samples even though the members of the set of samples
slightly different structures.

D. Processing steps

After MBE growth, some samples were coated with
low-temperature plasma-enhanced chemical vapor depo
~PECVD! SixNy layer to act as an antireflection coating. Th
SixNy ~if present! was patterned with photoresist and r
moved with buffered oxide etch~BOE!. A pre-evaporation
clean consisting of a 30 s 1:1 BOE:H2O etch followed by DI
rinse and 30 s 1:1 HCl:H2O etch followed by DI rinse was
done prior to metal evaporation. The top surface metal w
then e-beam deposited followed by a H3PO4:H2O2:H2O
mesa etch down to the conducting buffer/substrate reg
and a final bottom area metallization. AuGeNiAu was us
for contacting theN-type GaAs layer, while Cr/Au was use
for the P-type layers. The resulting devices were circu
with diameters ranging from 1 to 5 mm and had both the
and bottom metals contacted from the top surface of
sample.

III. MEASUREMENTS

The finished devices were characterized in a FTIR sp
trometer at room temperature. Atomic force microsco
~AFM! measurements were made in air using a Digital
struments Dimension 3100 Nanoscope. The root-me
square~rms! surface roughness of a 25mm325 mm area was
calculated and is shown in Table I.

l-
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TABLE I. Structures of the InGaAs/AlGaAs PIN multiple quantum well optical modulators investigated
measured InAs mole fraction in the wells, and the rms surface roughness measured by atomic force micr
The GaAs buffer layer samples are grouped together, followed by the linearly graded InGaAs buffer
samples.

Sample Structure

Measured
InAs mole
fraction in
well ~%!

AFM surface
roughness
~nm rms!

1527 3mm 331018 cm23 Be:GaAs 19% 2.42
0.25mm undoped GaAs
753~28 ML 19% InGaAs/35 ML 35% AlGaAs!
0.25mm, 331018 cm23 Si:GaAs
~001! N1 GaAs substrate, 480 °C

1525 1mm 331018 cm23 Be:GaAs 19% 3.57
0.25mm undoped GaAs
753~28 ML 19% InGaAs/35 ML 35% AlGaAs!
500 Å undoped GaAs
0.25mm, 331018 cm23 Si:GaAs
~001! N1 GaAs substrate, 460 °C

1532 0.15mm 331018 cm23 Si:GaAs 22% 3.49
0.30mm undoped GaAs
753~28 ML 19% InGaAs/35 ML 35% AlGaAs!
0.25mm undoped GaAs
1 mm, 331018 cm23 Be:GaAs
~001! SI GaAs substrate, 480 °C

1514 0.2mm 331018 cm23 Si:GaAs 24% 4.08
0.3 mm undoped GaAs
753~28 ML 19% InGaAs/35 ML 35% AlGaAs!
331018 cm23 0.25mm Be:GaAs
~001! P1 GaAs substrate, 480 °C

1517 1mm 331018 cm23 Si:GaAs 28% 5.08
500 Å undoped GaAs
503~28 ML 28% InGaAs/35 ML 20% AlGaAs!
0.25mm undoped GaAs
331018 cm23 0.5 mm Be:GaAs
~001! P2 GaAs substrate, 470 °C

1424 331018 cm23 0.5 mm 8% Be:InGaAs 17% 3.66
703~25 ML 17% InGaAs/28 ML 45% AlGaAs!
0.875mm, 0%–14% graded InGaAs buffer at 16%/mm
~001! N1 GaAs substrate, 400 °C

1526 1mm 331018 cm23 Be:GaAs 25% 9.60
0.25mm undoped 12% InGaAs
503~28 ML 25% InGaAs/35 ML 20% AlGaAs!
500 Å undoped 12% InGaAs
1.125mm, 331018 cm23 0%–18% graded Si:InGaAs
~001! N1 GaAs substrate, 450 °C

1518 1mm 331018 cm23 Si:GaAs 25% 15.73
500 Å undoped GaAs
503~28 ML 25% InGaAs/28 ML 20% AlGaAs!
0.12mm 12% InGaAs
1.125mm, 0%–18% graded InGaAs at 16%/mm
~001! P2 GaAs substrate, 450 °C
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IV. RESULTS

Figure 1 shows an electroabsorption spectrum meas
at room temperature for sample No. 1525, an InGa
AlGaAs PIN MQW modulator grown on a GaAs buffe
layer. Note that the applied bias causes the peak absorp
feature to shift to longer wavelengths and broaden, and
peak intensity to drop as the bias increases. These are
mon features of this type of modulator structure.

Figure 2 shows the zero bias absorbance measure
four InGaAs/AlGaAs PIN MQWs grown on GaAs. We ca
tronics and Nanometer Structures
ed
/

ion
e
m-

on

divide the samples in the figure into two groups~1! those
with peak absorbances which occur below 1.04mm and~2!
those with peak absorbances which occur at longer wa
lengths. In this group of samples, the position of the abso
tion peak wavelength depends on the InAs mole fraction
the well. We see that sample Nos. 1527 and 1532, with 1
and 22% InGaAs in the wells, respectively, have quite sim
lar peak absorbances and linewidths. We see the intensi
the absorption feature has decreased and its width has br
ened for sample No. 1514 which has 24% InGaAs in
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wells. Sample No. 1517 has a very broad absorption fea
with low intensity, indicating the sample has been sever
damaged by the strain resulting from the lattice misma
between the 28% InGaAs wells and the AlGaAs barri
~and the GaAs substrate!.

Figure 3 shows the zero bias absorbance measure
four InGaAs/AlGaAs PIN multiple quantum well superla
tices, two of which were grown on GaAs and two of whic

FIG. 2. Zero-bias absorption spectra of InGaAs/AlGaAs PIN multiple qu
tum well optical modulators grown on GaAs. The sample numbers and
indium concentrations in the wells are indicated.

FIG. 3. Zero-bias absorption spectra of InGaAs/AlGaAs PIN multiple qu
tum well optical modulators grown on GaAs buffer layers~solid curves,
sample Nos. 1517 and 1527! and on linearly graded InGaAs buffer laye
~dotted curves, sample Nos. 1424 and 1518!. The percentages list the InA
mole fraction in the wells.
J. Vac. Sci. Technol. B, Vol. 18, No. 3, May ÕJun 2000
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were grown on linearly graded InGaAs buffer layers. No
that the absorbance peaks near 980 nm have nearly iden
intensity and linewidth. These two peaks are from sam
No. 1424, grown with a linearly graded InGaAs buffer laye
and sample No. 1527 which was grown with a GaAs buf
layer. The zero bias optical characteristics are similar,
AFM measurements shown in Table I indicate that sam
No. 1527 has a smoother surface. Also note that while
absorption peaks are nearly identical, the indium concen
tions in the MQWs are different~17% for No. 1424, 19% for
No. 1527!. Since the linearly graded buffer layer introduc
complexity into the growth, increases the growth time, do
not improve the optical properties, and in fact degrades
surface morphology, we conclude that for PIN MQW mod
lators which operate near 980 nm there is no benefit to us
graded InGaAs buffer layers.

On the other hand, Fig. 3 shows that there is a benefi
using graded InGaAs buffer layers for PIN modulator stru
tures operating at longer wavelengths. We see that sam
No. 1518 which was grown using a linearly graded InGa
buffer layer has a stronger absorbance peak with a narro
linewidth than sample No. 1517 which was grown with
GaAs buffer layer. Also note that Fig. 3 shows that high
InAs mole fractions are needed to achieve the same MQ
absorption peak in structures without linearly graded buf
layers because they are more relaxed than those grow
graded InGaAs buffer layers.

Figures 2 and 3 show that there is not a simple relati
ship between the peak absorbance wavelength and the
dium concentration in the wells~see Nos. 1514, 1517, an
1518!. Nos. 1514 and 1517, both grown on GaAs buff
layers, have indium concentrations which differ by 4% a
different peak absorbance wavelengths while No. 15
grown on a linearly graded InGaAs buffer layer, has a 3
lower indium mole fraction and the same peak absorba
wavelength as No. 1517. This seemingly confusing result
reflection of the differences in strain in the structure
Strained InGaAs/AlGaAs MQW modulators with less stra
relaxation in the wells will have peak absorbances at lon
wavelengths than those which are more relaxed.

The AFM roughness data shown in Table I shows that
rms surface roughness increases on PIN MQW structu
grown on GaAs buffer layers with increasing InAs mo
fraction in the InGaAs wells, and similarly for structure
grown with linearly graded InGaAs buffer layers. We al
note that the samples with GaAs buffer layers have sligh
smoother surfaces than those samples of similar InAs m
fractions grown with InGaAs buffer layers. The roughe
sample, No. 1518, was grown with a linearly graded InGa
buffer layer. While it shows better absorbance characteris
than No. 1517 which was grown with a GaAs buffer layer
is substantially rougher. We believe this is due to the di
culty in precisely matching the grading of the InGaAs buff
layer ~and hence its lattice constant! to MQW, and the diffi-
culty in matching the strain in the MQW to the surface co
tact layer~which is InGaAs in some cases!. We believe it is
possible to reduce the roughness of the structures with
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early graded InGaAs buffer layers by more careful optimi
tion of the structure, but this may necessitate accuratein situ
monitoring of the InGaAs composition and growth ra
While the surface roughness is quite large in some of
samples, it is only when the surface roughness excee
critical value that it becomes important. Specifically, on
when the surface roughness causes the optical path leng
exceed 1/15 of the wavelength is it large enough to ca
scattering, which puts the acceptable rms roughness lim
26 nm. So even our roughest sample, No. 1518, is smo
enough to pass this limit. However, smoother surfaces
still desirable to improve the device yield.

The absorption data shown in Figs. 2 and 3 lead us to
following conclusions. First, the zero-bias absorption peak
our PIN MQW modulators grown on GaAs buffers does n
degrade until the indium mole fraction in the quantum we
is increased beyond 22%. For these low indium concen
tions, there is no apparent benefit to using linearly gra
InGaAs buffer layers in these structures. For structures
tended to operate beyond about 1.04mm, which require in-
dium mole fractions around 24% and higher, there is a c
benefit to using linearly graded InGaAs buffer layers to h
reduce the strain in the structures and improve their opt
absorbance characteristics. The transition region between
regions where the two buffers are preferable seems to
around 23% InGaAs.

V. CONCLUSIONS

Our results indicate that for lower indium concentratio
~less than about 23%! in the MQW, better PIN MQW modu-
lator device performance is found by growing directly
GaAs than on linearly graded InGaAs buffer layers. MQW
with indium mole fractions higher than about 24% have b
ter properties when a linearly graded InGaAs buffer laye
JVST B - Microelectronics and Nanometer Structures
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used. If an InGaAs/AlGaAs PIN MQW is grown without
linearly graded buffer layer, a higher InAs mole fraction w
be needed in the wells to achieve the desired wavelen
than if it were grown on a graded InGaAs buffer layer. Im
provements of the device structure with linearly graded
GaAs buffer layers are possible, but tighter control of t
InGaAs growth rate and composition usingin situ monitor-
ing may be necessary.
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