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InAsXP1 -,/InP strained multiple quantum wells with strain as high as 2.5% were grown by 
gas-source molecular beam epitaxy. Successful control of the arsenic composition over a 
wide range was achieved by two different growth techniques. Structural and optical studies, 
such as high-resolution x-ray rocking curve, cross-sectional transmission electron 
microscopy, photoluminescence, and absorption measurement, indicate that we have obtained 
high quality multiple quantum wells that are suitable for optoelectronic applications. 

Ini _ XGaXAspl _ ,, grown on InP is a promising mate- 
rial for optoelectronic applications because its fundamental 
band gap is suitable for infrared emitters and detectors 
operated between 0.9 and 2.0 pm.’ Extensive studies of the 
growth and characterization as well as device applications 
have been presented based on this material system.2-4 In 
contrast, InAs,Pi -.JInP, a special case of quaternary 
In, _ ,Ga,AsJ, -/InP, has received little attention from 
various advanced crystal growth techniques, such as orga- 
nometallic vapor phase epitaxy (OMVPE) 576 or molecular 
beam epitaxy (MBE). The growth of InAs,Pi --x reduces 
difficulties in the composition control of quaternary 
Ini _ .Ga,Asp, _ ,,, and provides a new degree of freedom 
for device design by tailoring the band structure with 
built-in biaxial strain. Moreover, an independent control of 
the layer thickness and alloy composition can be achieved 
since the former is determined only by the indium beam 
flux, while the latter can be controlled properly by adjust- 
ing the ASH, and PHs flow-rate fraction in gas-source 
MBE (GSMBE) growth. However, the difficulty in obtain- 
ing pseudomorphic growth of InAs,Pi --x arises from the 
accurate control of the hydride flow-rate fraction since As 
incorporates with In much more significantly than P does.’ 
In this letter we report a successful growth of device qual- 
ity InAs,Pi _ JInP strained multiple quantum wells 
(SMQWs) by GSMBE. High quality materials were char- 
acterized by high-resolution x-ray rocking curves, trans- 
mission electron microscopic (TEM) images. Photolumi- 
nescence (PL) and absorption spectra show the 
application possibility of optoelectronic devices, such as 
modulator or laser, based on such a material system. 

The InAs,Pi _ .JInP SMQW structures were grown on 
( lOO)Fe-doped semi-insulating InP substrates in a modi- 
fied Varian Modular Gen-II MBE machine. The growth 
was performed with elemental indium and thermally 
cracked hydrides, AsHs and PH3, at a substrate tempera- 
ture of 460 “C. The gas-source supplies ( 100% arsine and 
100% phosphine) were introduced into the growth cham- 
ber through a single Varian four-channel hydride injector, 
which was operated nominally at 1000 “C. The growth 
chamber was equipped with a 2200 e/s cryopump and a 

220 e/s ion pump. The typical working pressure was 
1 X lo-’ Torr. The indium flux was set such that the 
growth rate was about 1 pm/h as determined by intensity 
oscillations of reflection high-energy electron diffraction 
(RHEED). 

Our previous growth studies of GaAsi -,P, grown on 
GaAs8 show that arsenic incorporates into GaAsi I .P, 
much more significantly than phosphorus when both are 
present. This is especially true for InAs,Pi ~ X growth with 
AsHs and PH, because the effective adsorption rate of As 
to P is higher in InAsP than in GaAsP.’ Therefore, it is 
necessary to use a relatively large PH, flow rate, compared 
to ASH,, to dilute the arsenic fraction in the flux on the 
growth. front so as to achieve a proper control of the ar- 
senic composition. We fixed the ASH, flow rate at 0.6 
seem, varied PH, flow rates from 3 to 5 seem, and grew a 
series of SMQW samples with a typical structure of 15 
period InAs,P, _ J 80 A)/InP ( 150 A). Correspondingly, 
the arsenic composition in InAs,Pi _ X was varied from 
0.65 to 0.20. 

Instead of using the usual run-vent technique, the 
growth was interrupted at each interface. Shown in Fig. 1 
is a diagram of the shutter operation sequence. The inter- 
ruption duration tl was 20 s typically to allow switching 
the AsHs and to stabilize the beam flux of arsenic. tZ, t,, t4, 
varying from 3 to 10 s, are interruption durations for re- 
covering the growth front and purging the residual gas. 
However, achieving an InAs,Pi ~ X layer with a very small 
As composition by this growth method is limited by the 
stability of the mass flow controller at very low flow rate. 
Therefore, an alternative method was employed. As shown 
at the lower part of Fig. 1, AsHs was alternatingly intro- 
duced during InP growth so that the As composition in the 
InAs,Pi --x quantum well layer was averaged to a smaller . 
value by these short-period (2-5 monolayers per period) 
InAsP/InP superlattices. The x can be controlled with the 
ratio of open and close durations of ASH, easily by using 
this technique. 

The growth rate, therefore, the thickness of 
InAs,Pi _ X, is constrained only by the indium beam flux at 
a group-V overpressure, so the layer thickness of 

2954 Appl. Phys. Lett. 58 (25), 24 June 1991 0003-6951f 91/252954-03$02.00 @ 1991 American Institute of Physics 2954  This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:

128.143.199.160 On: Mon, 15 Dec 2014 19:13:51



( InP i ( InP i ( InAsP( ) ( InAsP( ) 1 1 InP f f 
PHa - ; ; ; PHa - ; ; ; 

InP f 1 InP I 

I v-i--T--m 1 y d&y? -r$? 

F a ,$(P1 alo.’ 122; Iqlc’ =;g;-/ 
PHa p-;~ I 1 1 PHa p-;~ I 1 1 I I 

ASH,/-+ e ASH,/-+ e j j . . . i . . . i 
In ! f 1 j -I In 1 f 1 j -I 

I I 
F+y-F--- F+y-F--- . I . I J J 

InAsP/lnP short-period superlattices InAsP/lnP short-period superlattices 

FIG. 1. Diagram of the growth sequence of multiple quantum well struc- 
tures. The lower part indicates the growth of InAsXP1 --x layer by short- 
period superlattices. 

InAs,Pi --x can be controlled independently of the compo- 
sition, which is related to only the AsHs and PH3 flow-rate 
fraction. Featureless surface morphology was obtained for 
all the samples over a wide composition range grown with 
both techniques. Two SMQW samples grown with the two 
different methods, respectively, were used in the present 
studies. Sample 1 was grown with 0.6 seem AsH3 and 4 
seem PHs, and it consists of 16-period 
InA~e.~Pe.~(78 A>/InP( 144 A) quantum wells. Sample 2 
was grown with a continuous supply of 3 seem PHs and an 
alternating supply of 2 seem ASH,, and it consists of 15- 
period InAse.SPo,5 (76 A)/InP ( 162 A) quantum wells. In 
sample 2 the InAsO.SPO,s layer was composed of 5 periods of 
2.5 -monolayer InAs,,Pi -,, ( y is greater than 0.5) and 2.5 
monolayer InP. The V/III ratio on the substrate surface 
during growth was typically 4:l as determined from the 
group-V- and group-III-induced RHEED oscil1ations.s”’ 

High-resolution x-ray rocking curves were recorded 
with symmetric (004) diffraction from a monochromatic 
Cu Kczi line through four Ge crystals for the two samples, 
as shown in Figs. 2(a) and 2(b). Satellite peaks, resulting 
from diffraction of SMQWs, can be observed up to the 
seventh order, and they are sharp and distinct. This sug- 
gests that good periodicity of these multilayered structures 
was obtained, even with strain as high as 2.3%. The slight 
broadening of the peaks in Fig. 1 (b) is attributed to the 
partial relaxation of the strain and As carryover into the 
InP layer at the interface during the growth interruption.” 
By assuming an abrupt interface in the quantum well struc- 
ture and a strain-free InP layer, a simulation based on the 
dynamic theory was carried out. It turns out that the struc- 
tural parameters determined from the growth condition 
agree with those determined from x-ray diffraction. Fur- 
thermore, the ratio of layer thicknesses of InAsP to InP is 
exactly the same as the ratio of growth durations of these 
two layers, because the growth rates of both InAsP and 
InP are determined only by the indium flux. Moreover, it 
appears that little phosphorus was incorporated in the 
InAsp --y during short-period superlattice growth with 2 
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FIG. 2. High-resolution x-ray rocking curves with (004) diffraction taken 
from (a) sample 1 and (b) sample 2, SMQW structures grown by dif- 
ferent methods. 

seem ASH, present since the As composition in 
InAso.sPo.s layer is the average of InP and InAs. 

Figures 3 (a) and 3 (b) show the cross-sectional TEM 
images taken from samples 1 and 2, respectively. It is 
shown that SMQW interfaces are very flat and abrupt. 
However, as shown in Fig. 3 (a), there is a contrast change 
in the InP buffer layer, adjacent to the epitaxial SMQWs. 
The appearance of these dislocation nets results from the 
large lattice mismatch (2.3%) of the InP substrate and the 
quantum well structure. These dislocations are located in 
the buffer layer and terminated at the first InAsP layer as 
the strained-layer superlattices can work as a threading 
dislocation barrier due to the alternating compressive and 
tensile strain in the strained epi1ayers.l’ In Fig. 3 (b), no 
dislocation is observed in the quantum well layers, and the 
short-period superlattice structure in the InAso,sPo.S layer 
can be seen clearly. 

PL measurements were carried out at 10 K with 0.5 
mW argon ion laser excitation. The luminescence was dis- 
persed with a 50 cm monochromator and detected by a 
cooled Ge photodiode. The sharp and intense peaks are 
observed with the full widths at half maximum (FWHM) 
of 9 and 5 meV for these two samples respectively, attrib- 
utable to emissions from heavy-hole excitons confined in 
the quantum wells. These are among the best results which 
have been reported so far for this material system.6 Figures 
4(a) and 4(b) show absorption spectra taken from sam- 
ples 1 and 2 at room temperature using a broadband halo- 
gen lamp. Very sharp and significant absorption can be 
seen at 1.55 and 1.4 pm, respectively. The absorption 
structures appearing at high energy side are from the tran- 
sitions between higher subbands. It is interesting to note 
that sample 1 has a sharper PL peak but broader absorp- 
tion peak, compared with sample 2. This is understood that 
a miniband was formed in the short-period superlattice 
composing the InAs,Pl _ x quantum well layer in sample 2. 
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(a) 

FIG. 3. TEM images taken from (a) sample I and (b) sample 2. Note 
that in (a) the misfit dislocations lie in the buffer layer and that in (b) tine 
structures corresponding to the short-period superlattice in the InAsP 
layer can be well resolved. 

Hence, the absorption peak, reflecting the density-of-state 
of the relatively broad miniband, is broader than that from 
sample 1, while the PL spectrum suggests that better peri- 
odicity of the SMQW structures was obtained for sample 2. 
These excitonic transitions from the confined heavy hole 
levels are extremely useful for optoelectronic device appli- 
cations. Currently we are working on 1.3 and 1.55 ,um 
modulator fabrications that are promising for fiber com- 
munications, and device results will be reported elsewhere. 

In summary, InAs,Pt _ /InP strained multiple quan- 
tum wells with strain as high as 2.5% were grown with the 
GSMBE technique. The arsenic composition was success- 
fully controlled either by using a high PH, flow rate to 
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FIG. 4. Absorption spectra taken at room temperature by using a broad- 
band halogen lamp for (a) sample 1 and (b) sample 2. The significant 
absorption peaks are from the excitonic transitions in the quantum wells. 

dilute the As to P incorporation ratio, or by using a short- 
period InAsP/InP superlattice to average the arsenic com- 
position. Structural and optical studies, by high-resolution 
x-ray rocking curve, cross-sectional TEM, PL, and absorp- 
tion measurements, indicate that we have achieved high 
quality SMQWs that are suitable for optoelectronic appli- 
cations. 

This work is partially supported by the Powell Foun- 
dation, .DARPA Optoelectronic Technology Center, and 
the Office of Naval Research. The authors (H.Q.H. and 
C.W.T.) wish to acknowledge T. P. Chin, B. W. Liang, 
and M. C. Ho for helpful discussions of MBE growth. 

‘H. C. Casey, Jr. and M. B. Panish, Heterostructure Lasers (Academic, 
New York, 1978). 

‘T. P. Pearsall. GaInAsP Alloy Semiconductors (Wiley, New York, 
1982). 

‘W. T. Tsang, M. C. Wu, T. Tanbun-Ek, R. A. Logan, S. N. G. Chu, 
and A. M. Sergent, Appl. Phys. Lett. 57, 2065 (1990). 

4H. Asonen, K. Rakennus, K. Tappura, M. Hovinen, and M. Pessa, I. 
Cryst. Growth 105, 101 (1990). 

‘K. H. Huang and B. W. Wessels, J. Cryst. Growth 92, 547 (1988). 
‘R. PSchneider, Jr., D. X. Li, and B. W. Wessels, J. Electrochem. Sot. 

136, 3490 (1989). 
‘C. T. Foxon, B. A. Joyce, and M. T. Norris, J. Cryst. Growth 49, 132 

(1980). 
“H. QI Hou, B. W. Liang, T. P. Chin, and C. W. Tu, Appl. Phys. Lett. 

59, (to be published, 1991). 
“T. Fukui and N. Kobayashi, J. Cryst. Growth 71, 9 (1985). 

“T. P. Chin, B. W. Liang, H. Q. Hou, M. C Ho, C. E. Chang, and C. W. 
Tu, Appl. Phys. Lett. 58, 254 ( 1991). 

“M. Yamaguchi, T. Nishioka, and M. Sugo, Appl. Phys. Lett. 54, 24 
(1989). 

2956 Appt. Phys. Lett., Vol. 58, No. 25, 24 June 1991 Hou, Tu, and Chu 2956 
 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:

128.143.199.160 On: Mon, 15 Dec 2014 19:13:51


