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grown on GaAs substrates by molecular beam epitaxy
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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 weéMQW) modulators. We examine GaAs
buffer layers and linearly graded InGaAs buffer layers. Our results indicate that for lower indium
concentrations in the quantum welless than about 23pbetter 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.
[S0734-211X00)07003-7

[. INTRODUCTION Il. EXPERIMENT

GaAs/AlGaAs multiple quantum wel(MQW) optical ~A. MBE system description
modulators grown by molecular b_eam _epit_aéNIBE) on The modulator samples were grown in an early model
GaAslsubs_trates have been under mvestlgatlo_n for at least J\7acuum Generators VBOH MBE system which uses conven-
years, while modulators based on the strained InGaAs/,. . .

. . Honal solid sources and also has a radio-frequefrty
AlGaAs materials system grown on GaAs have been studie lasma source for the arowth of GaN and related com-
for at least 9 year$ As shown in Fig. 1, these devices have pounds This svstem ha?s eiaht effusion cell ports and is
optical absorption characteristics which vary with appliedpum ed’ b a40)(l) /s ion pum gatitanium sublimp;tion um
bias. MQW modulators are well known in their application pump y pump, ) pump,

; . o A and a 1500 I/s cryopump mounted on a high-conductance
to fiber optic communication systems. A new application of

these structures is in free-space communications systems ¢ _|tredt elgom(/j. 'ghebgl;roqz Ig eCffusfllo? cells aril mstalletd with
ing modulated retroreflection of light. This application re- Wo standard double-sided Lonflat spacer flanges 1o move

quires very large area devices with good electroabsorptiorf'€M Pack from the shutters by 1.36 in. to improve the flux

. . ’5 _. .
low surface roughness, low sheet resistivity, reasonably high”"fodr(r?'_ty4 arr:d to lrlfaduce Zh‘%'“d‘?f mdufcfed.ﬂux trﬁns@nts.
breakdown voltage, and good optical quality. In addition, the gallium and indium effusion cells use a

A transmissive optical geometry is often advantageoué‘t"ted insert”_crucible to dire_ct thg flux tOV\_/ard the (_:enter of
because it simplifies the complexity of the system. This re{n€ wafer to improve the l_Jnlform|t§/A conical crucible ef-
quires the use of a substrate that is transparent to the optickSion cell with a cold lip is used for the aluminum source.
radiation of interest. We have investigated the use of strainefi-1ines (99.999999% pure gallium, zone-refined 6-nines
InGaAs/AlGaAs vertical PIN MQW optical modulators for @luminum, 7-nines indium, 7-nines-5 arsenic, 6-nines beryl-
the 0.97-1.06um wavelength range where GaAs is trans-“f{m' and a section of a high-resistivity flogt—zone—refmed_
parent. We have recently demonstrated that these strainsdlicon wafer are used as the source materials. The arsenic
structures can be used & 4 Mbps modulating retroreflector 0eam equivalent pressu(BEP) was typically 15 times the
free-space communications system with a bit error rate betal group Ill BEP during the InGaAs growths. The GaAs
low 10~ and only 170 mW power consumptidn. growth rate was usually 0.5 ML/s.

A critical aspect in the growth of such strained epitaxial ~The substrate heater in the MBE system is a custom-made
layers by MBE is the selection of an appropriate buffer layeyrolytic graphite heating element encased in pyrolytic bo-
between the MQW and the GaAs substrate. In particular, &n nitride. This heating element was obtained for improved
buffer layer must be chosen to give the smallest surfacéeater reliability for the growth of lli-nitride compounds.
roughness possible because surface roughness causes optid2¢ indium-free mounted substrate temperature was cali-
scattering and hence losses in the system. In addition, therated by observing the GaAs-oxide desorption temperature
quality of the buffer layer influences the contrast ratio of thewith reflection high-energy electron diffractioRHEED)
modulator(which is a function of the ratio of the unbiased and with optical pyrometry, with some additional measure-
and biased absorbange¥hus it is important to have narrow ments made using infrared transmission spectrostdor
absorption peaks for a high quality modulator. In this worktemperatures below 400 °Ghe lower temperature limit of
we compare the device quality and surface morphology ofhe pyrometer extrapolations to room temperature were
strained InGaAs/AlGaAs MQW modulators grown using lin- used. The heater was operated with constant current without
early graded InGaAs buffers to those grown directly onthermocouple feedback. Although we expect that the sub-

GaAs. strate temperature may change during the initial growth of
smaller band gap materials on the GaAs subsfratespe-
3 lectronic mail: katzer@estd.nrl.navy.mil cially at low substrate temperatures, we did not intentionally
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standard transfer matrix model which takes any strain in the
' ' layers into account? The GaAs/AlGaAs calibration samples
for these structures was typically two 6—8 period Bragg mir-
041 oV #1525 ror structures. The InGaAs growth rates and compositions
were also extracted with this technique by growing and mea-
suring test modulator structures. This method allows us to

9 quickly measure our growth rates for several materials in a
5 14V single sample. The excellent agreement between the mea-
-g sured FTIR spectrum and the modeled spectrum gives us
2021 confidence in our technique.
<

25V

C. Structures examined

A series of MQWSs having wells containing between 17%
and 28% InGaAs was grown with and without linearly
- graded InGaAs buffer layers on GaAs substrates. Those
: : - ! structures which had linearly graded InGaAs buffer layers

1.0 1.1 used a grading rate of 16%h.** Table | shows the struc-
Wavelength (um) tures of the samples. Although the structures are not identi-

cal, the changes in the doping levels, the substrates, and the

FIG. 1. EIectroabsorpt?on spectra measured on InGaAs/AlGaAs PIN muly,nstrained layer thicknesses will not appreciably change the
tiple quantum well optical modulator No. 1525 grown on GaAs. results obtained in this study. The MQW absorption peak is
primarily determined by the InAs mole fraction in the In-

compensate for this effect. “MBE ready(001) =0.5° semi- GaAs wells and by the strain in the structure, and is only

insulating GaAs substrates were used without any additiona\’f’e"’lkly affected by changes in the GaAs or AI.GaAs layers.
cleaning steps. After the GaAs surface oxide was desorbe—EIhus we are able to make meaningful comparisons between
from the surface, a thin layer of GaAs was groftypically sa_lmples even though the members of the set of samples have
0.25 um) at 580-600 °C before the substrate temperaturéIIghtIy different structures.

was reduced to the desired growth temperature for the PIN

MQW modulator structure.

0.0

D. Processing steps

After MBE growth, some samples were coated with a
. ) low-temperature plasma-enhanced chemical vapor deposited
_The initial stages of MBE layer growth were monitored (pgcy/p) sj,N, layer to act as an antireflection coating. The
with a 10 kV RHEED system. Due to the unavoidable fluxsi N - (if present was patterned with photoresist and re-

nonuniformity across the sample and the difficulty in obtain-,qved with buffered oxide etctBOE). A pre-evaporation
ing RHEED oscillations from the geometric center of a smallgjean consisting of a 30 s 1:1 BOE® etch followed by DI
test sample, we did not calibrate our growth rates usinginse and 30 s 1:1 HCI4® etch followed by DI rinse was
RHEED intensity oscillations. We instead relied on BEP gone prior to metal evaporation. The top surface metal was
measurements made using a nude ion gauge and postgrowllbn e-peam deposited followed by asR@,:H,0,:H,0
measurements of test samples to calibrate our growth rategesa etch down to the conducting buffer/substrate region
For example, a calibration plot of lggGaAs growth rate  gang a final bottom area metallization. AuGeNiAu was used
versus logo Ga BEP is nearly linear over a fairly large range fo contacting theN-type GaAs layer, while Cr/Au was used
(0.2-2.0 ML/3 with a correlation coefficienR>0.998. We  for the p-type layers. The resulting devices were circular
were able to obtain good run-to-run reproducibility by com-ith diameters ranging from 1 to 5 mm and had both the top

paring measured BEP values wek situmeasurements over anq pottom metals contacted from the top surface of the
approximately a decade of pressure range. This calibratiogamme.

curve does shift over time as the source material is depleted
from the crucible. As seen in Table | below, we are able to
obtain excellent agreement between the designed structu[
and the measured structure, with the largest error being 5%
in the MQW InAs mole fraction of No. 1514vhich was the The finished devices were characterized in a FTIR spec-
first InGaAs PIN MQW MBE growth run after maintenance trometer at room temperature. Atomic force microscopy
on the MBE system (AFM) measurements were made in air using a Digital In-

Growth rates were calculated by comparing optical charstruments Dimension 3100 Nanoscope. The root-mean-
acteristics measured at room temperature in a Fourier transguare(rms) surface roughness of a 28nxX25 um area was
form infrared (FTIR) spectrometer to those modeled by acalculated and is shown in Table I.

B. MBE growth parameters

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

samples.

Measured

InAs mole AFM surface

fraction in roughness
Sample Structure well (%) (nm rmg
1527 3um 3x10¥cm 2 Be:GaAs 19% 2.42

0.25 um undoped GaAs
75X (28 ML 19% InGaAs/35 ML 35% AlGaAs
0.25 um, 3x 10¥ cm ™2 Si:GaAs
(001) N* GaAs substrate, 480 °C
1525 1um 3X10%¥ cm 2 Be:GaAs 19% 3.57
0.25 um undoped GaAs
75X (28 ML 19% InGaAs/35 ML 35% AlGaAs
500 A undoped GaAs
0.25 um, 3x 10¥ cm™2 Si:GaAs
(001 N* GaAs substrate, 460 °C
1532 0.15um 3x 10 cm 2 Si:GaAs 22% 3.49
0.30 um undoped GaAs
75X (28 ML 19% InGaAs/35 ML 35% AlGaAs
0.25 um undoped GaAs
1 um, 3x 108 cm ° Be:GaAs
(001 SI GaAs substrate, 480 °C
1514 0.2um 3x10"¥cm™2 Si:GaAs 24% 4.08
0.3 um undoped GaAs
75X (28 ML 19% InGaAs/35 ML 35% AlGaAs
3x 10" cm ® 0.25 um Be:GaAs
(001 P* GaAs substrate, 480 °C
1517 1um 3x10®¥cm 2 Si:GaAs 28% 5.08
500 A undoped GaAs
50X (28 ML 28% InGaAs/35 ML 20% AlGaAs
0.25 um undoped GaAs
3x10%cm 2 0.5 um Be:GaAs
(001) P~ GaAs substrate, 470 °C
1424 3x10%¥cm™2 0.5 um 8% Be:InGaAs 17% 3.66
70X (25 ML 17% InGaAs/28 ML 45% AlGaAs
0.875um, 0%—-14% graded InGaAs buffer at 169
(001) N* GaAs substrate, 400 °C
1526 1um 3X10¥cm 2 Be:GaAs 25% 9.60
0.25 um undoped 12% InGaAs
50% (28 ML 25% InGaAs/35 ML 20% AlGaAs
500 A undoped 12% InGaAs
1.125um, 3X 10 cm 2 0%—-18% graded Si:InGaAs
(001) N* GaAs substrate, 450 °C
1518 1um 3X10%¥ cm ™2 Si:GaAs 25% 15.73
500 A undoped GaAs
50X (28 ML 25% InGaAs/28 ML 20% AlGaAs
0.12 um 12% InGaAs
1.125um, 0%—-18% graded InGaAs at 16gth
(001) P~ GaAs substrate, 450 °C

V. RESULTS divide the samples in the figure into two groufy those

Figure 1 shows an electroabsorption spectrum measurelfith Peak absorbances which occur below 1,04 and(2)
at room temperature for sample No. 1525, an InGaAsfhose with peak absorbances which occur at longer wave-

AlGaAs PIN MQW modulator grown on a GaAs buffer 1€ngths. In this group of samples, the position of the absorp-
layer. Note that the applied bias causes the peak absorptidlpn Peak wavelength depends on the InAs mole fraction in
feature to shift to longer wavelengths and broaden, and théhe well. We see that sample Nos. 1527 and 1532, with 19%

peak intensity to drop as the bias increases. These are cor@nd 22% InGaAs in the wells, respectively, have quite simi-
mon features of this type of modulator structure. lar peak absorbances and linewidths. We see the intensity of

Figure 2 shows the zero bias absorbance measured dhe absorption feature has decreased and its width has broad-
four INnGaAs/AlGaAs PIN MQWs grown on GaAs. We can ened for sample No. 1514 which has 24% InGaAs in the

JVST B - Microelectronics and  Nanometer Structures



1612 Katzer et al.: Optimization of buffer layers for InGaAs /AlGaAs 1612

#1527 *19% T " T were grown on linearly graded InGaAs buffer layers. Note
that the absorbance peaks near 980 nm have nearly identical
04r #1532 - 22% intensity and linewidth. These two peaks are from sample
No. 1424, grown with a linearly graded InGaAs buffer layer,
#1514 - 24% and sample No. 1527 which was grown with a GaAs buffer
layer. The zero bias optical characteristics are similar, yet
InGaAs/AlGaAs AFM measurements shown in Table | indicate that sample
MQWs grown No. 1527 has a smoother surface. Also note that while the
on GaAs absorption peaks are nearly identical, the indium concentra-
tions in the MQWs are differentl7% for No. 1424, 19% for
No. 1527. Since the linearly graded buffer layer introduces
complexity into the growth, increases the growth time, does
not improve the optical properties, and in fact degrades the
surface morphology, we conclude that for PIN MQW modu-
lators which operate near 980 nm there is no benefit to using
L . L . L graded InGaAs buffer layers.
10 1.1 12 On the other hand, Fig. 3 shows that there is a benefit to
’ using graded InGaAs buffer layers for PIN modulator struc-
tures operating at longer wavelengths. We see that sample
FiG. 2. Zero-bias absorption spectra of InGaAs/AlGaAs PIN multiple quan—NO' 1518 which was grown using a linearly graded InGaAs
tum well optical modulators grown on GaAs. The sample numbers and thduffer layer has a stronger absorbance peak with a narrower
indium concentrations in the wells are indicated. linewidth than sample No. 1517 which was grown with a
GaAs buffer layer. Also note that Fig. 3 shows that higher

wells. Sample No. 1517 has a very broad absorption featurtAS mgle fractlo.ns are needed- e ach|eve the same MQW
with low intensity, indicating the sample has been severelf‘bsorpt'on peak in structures without linearly graded buffer
damaged by the strain resulting from the lattice mismatcH2Yers because they are more relaxed than those grown on

between the 28% InGaAs wells and the AlGaAs barrierdraded InGaAs buffer layers. , , ,

(and the GaAs substrate Figures 2 and 3 show that there is not a simple relation-
Figure 3 shows the zero bias absorbance measured GiiP between the peak absorbance wavelength and the in-

four InGaAs/AlGaAs PIN multiple quantum well superlat- dium concentration in the wellssee Nos. 1514, 1517, and

tices, two of which were grown on GaAs and two of which 1518. Nos. 1514 and 1517, both grown on GaAs buffer
layers, have indium concentrations which differ by 4% and

different peak absorbance wavelengths while No. 1518,
! ‘_.#'1424 '170/ . grown on a linearly graded InGaAs buffer layer, has a 3%
[t ) 0 lower indium mole fraction and the same peak absorbance
L #1527 - 19% wavelength as No. 1517. This seemingly confusing result is a
reflection of the differences in strain in the structures.
Strained InGaAs/AlGaAs MQW modulators with less strain
#1518 - 25% relaxation in the wells will have peak absorbances at longer
wavelengths than those which are more relaxed.

The AFM roughness data shown in Table | shows that the
rms surface roughness increases on PIN MQW structures
grown on GaAs buffer layers with increasing InAs mole
fraction in the InGaAs wells, and similarly for structures
grown with linearly graded InGaAs buffer layers. We also
note that the samples with GaAs buffer layers have slightly
smoother surfaces than those samples of similar InAs mole
fractions grown with InGaAs buffer layers. The roughest
. : . sample, No. 1518, was grown with a linearly graded InGaAs
0.9 1.0 11 buffer layer. While it shows better absorbance characteristics

than No. 1517 which was grown with a GaAs buffer layer, it
Wavelength (um) is substantially rougher. We believe this is due to the diffi-
culty in precisely matching the grading of the InGaAs buffer
FiG. 3. Zero-bias absorption spectra of InGaAs/AlGaAs PIN multiple quan—layer (and hence its lattice constamo MQW, and the diffi-

tum well optical modulators grown on GaAs buffer layéselid curves, ; ; i _
sample Nos. 1517 and 15P@nd on linearly graded InGaAs buffer layers CUIty n matchlng the strain in the MQW to the surface con

(dotted curves, sample Nos. 1424 and 15T8e percentages list the InAs  taCt |_ayer(WhiCh is InGaAs in some casedVe believe it.is _
mole fraction in the wells. possible to reduce the roughness of the structures with lin-

027

#1517 - 28%

Absorbance

00 ¢

Wavelength (um)

0.67

0.41

#1517 - 28%

Absorbance

0.0
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early graded InGaAs buffer layers by more careful optimiza-used. If an InGaAs/AlGaAs PIN MQW is grown without a

tion of the structure, but this may necessitate accurasitu  linearly graded buffer layer, a higher InAs mole fraction will

monitoring of the InGaAs composition and growth rate.be needed in the wells to achieve the desired wavelength

While the surface roughness is quite large in some of thehan if it were grown on a graded InGaAs buffer layer. Im-

samples, it is only when the surface roughness exceeds @ovements of the device structure with linearly graded In-

critical value that it becomes important. Specifically, only GaAs buffer layers are possible, but tighter control of the

when the surface roughness causes the optical path length llnGaAs growth rate and composition usiitgsitu monitor-

exceed 1/15 of the wavelength is it large enough to causing may be necessary.

scattering, which puts the acceptable rms roughness limit at
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