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We have prepared by chemical beam epitaxy extremely high quality Ga, ,, In, ;; As/InP quantum
wells with thickness as thin as 6 A. Emission as short as 1.09 pmat2K (1.14 um at 300 K) was
obtained. Very sharp intense efficient luminescence peaks due to excitonic transitions were
obtained from all quantum wells. The photoluminescence (PL) linewidths at 2 K were the
narrowest that have been ever reported for Ga, ,; In, s; As quantum wells grown by any
technique. In fact, these Ga, ,, In, 53 As quantum well linewidths are at least equal to the
narrowest linewidths ever reported for the perfected GaAs/AlAs and GaAs/Al Ga, _, As
quantum wells. These linewidths indicate the “effective” interface roughness to be 0.12 Iattice
constant, which can be interpreted as that the quantum well was largely consisting of a big domain
of the same thickness L, perforated with a small fraction of small domains of (L, + a,/2), where
a, ( =5.86 A) is the lattice constant. No broadening due to band filling from impurities was
found. Alloy broadening in Ga, 4, In, 5; As was limited to the intrinsic value of 1.3 meV. The PL
energy upshifts measured in Ga, 4, In, s; As quantum wells were in excellent agreement with

theoretical values.

Ga, 4, In, 53 As lattice matched to InP has emerged as a
very important semiconductor material. High electron mo-
bility and peak velocity are attractive for ultrahigh speed
devices. The band gap of 0.75 eV (1.65 um) is ideal for pho-
todetectors in optical communication systems in the opti-
mum wavelength range of 1.3-1.6 £m. Furthermore, semi-
conductor injection lasers utilizing Ga, 4, Ings; As/InP
quantum well structures'-? allow emission wavelength to be
shifted from the 1.65 um to the 1.3-1.55 um region by hav-
ing different well thicknesses. This not only circumvents the
necessity of using homogeneous GalnAsP alloys as active
medium, but also, as demonstrated in GaAs/Al,Ga, _, As
system,* is expected to produce semiconductor injection la-
sers with significantly improved device performances not
achievable by the bulk counterpart.

In comparison with GaAs/AlGaAs quantum wells,
however, relatively few studies have been made on
Gag 4; Ing 53 As/InP*1° or Gag 47 Ing 53 As/
Al 4 Ing 5, As'' " quantum wells thus far. Here, we report
for the first time extremely high quality Ga, ,,In, 5, As/InP
quantum wells grown by a recently developed epitaxial tech-
nique, the chemical beam epitaxy'* (CBE), and show that
the present quantum wells are superior in quality to those
published in literatures grown by organometallic chemical
vapor deposition (OMCVD),** molecular beam epitaxy
(MBE),*®"-13 and chloride transport vapor phase epitaxy
(VPE).>'°

For the growth of GalnAs/InP by CBE, the system de-
scribed in Ref. 14 is employed. Arsine (AsH,, 100%,
Phoenix) and phosphine (PH;, 100%, Phoenix) are used.
The TEGa and TMIn flows were combined to form a single
emerging beam. This single-beam nature automatically
guarantees lateral spatial composition uniformity.'’ In
CBE, thermal pyrolysis occurred entirely on the substrate
surface. Continuous growth was employed at the interfaces
by switching out and in the appropriate gas components.

Typical 2-um-thick undoped InP layers were n type
~5x10"-1 10" cm~* with a 300-K mobility of ~4500
em?/Vs and a 77-K mobility of ~30000 cm?> V= 's™ "

Typical 2-5-um-thick Ga, 4, In, 5; As epilayers have mobili-
ties of 10 000~12 000 and 40 000-57 000 cm?/V s at 300 K
and 77 K with n=5x10"-5x10" cm™’. Bulk
Gag 4, Ing 53 As epilayers also show a very intense efficient
luminescence exciton peak with linewidths as narrow as 1.2
meV, which is equivalent to the calculated intrinsic (full
width at half-maximum, FWHM) alloy broadening for
Gag 47Ing 53 As (1.3 meV). Such linewidth is the narrowest
ever measured for any alloy semiconductors including
Al,Ga, ,Aswithx>0.1.

In order to facilitate the study of more than one quan-
tum well simultaneously, multifayer structures consisting of
a 0.5-um InP buffer, a 0.2-um Ga, ,,Ing s; As control layer
plus Gag 4, In, 5; As quantum wells of different thicknesses
alternated with 700 A InP barriers were grown on InP (Fe)
substrates. The 0.2-um-thick Ga, ., Ings; As control layer
(behaves as bulk material) served as a reference wavelength
in the photoluminescence (PL) spectrum from which the
energy upshifts of the quantum wells can be calculated pre-
cisely. The quantum well thickness was determined from the
steady-state growth rate. In CBE, this process was found to
be very reliable and reproducible from run to run.

Photoluminescence measurements were made at 2 K us-
ing the 647.1-nm line of a Kr-ion laser as the optical pump.
The pumping power used typically ranged from 0.1 to 10
4W over a pumping area of 50 um in diameter. Very sharp
intense efficient luminescence peaks due to excitonic transi-
tions in the quantum wells were obtained as shown by a typi-
cal example in Fig. 1. With the 10-A well, the emission peak
has been shifted from 1.57 um (the bulk Ga, .- In, 53 As ref-
erence) to 1.17 um. Note that with a growth rate of 3.6 um/
h employed in the present experiment the 10-A well required
a growth time of only 1 s. Yet, extremely sharp and intense
luminescence was obtained indicating that the heterointer-
faces were extremely uniform and smooth. Separate samples
with 6-A wells have also been successfully grown with simi-
lar luminescence quality with emission peak at 1.09 um.
Further, such results have been reproduced from run to run.
The abrupt composition transitions achieved with CBE un-
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FIG. 1. Typical photoluminescence spectrum from a stack of quantum
wells with different thicknesses separated by 700- AInPbarriersat 2 K. The
pumping power is 1 W and pumping area is ~ 50 um diameter.

disputedly demonstrate the superiority of this technique
over OMCVD?® in producing high quality heterointerfaces.
It should be pointed out that unlike the OMCVD results of
Razeghi ef al.® whose 25-A (narrowest well reported) and
50-A wells exhibited broad emission multicomponent in na-
ture, all the CBE-grown wells exhibited a single sharp peak.
The multicomponent nature is indicative of the participation
of impurities in the recombination process (donor to valence
band and donor to acceptor transitions) instead of excitonic
transitions, while the broad emission is indicative of rough
heterointerfaces.

Figure 2(a) represents a compilation of PL linewidths
(FWHM) as a function of quantum well thickness for all (to
the best of our knowledge) published Ga, ,, In,  ; As/InP>®
and Gag,;Ings; As/Aly ., Ing s, As''™*  quantum  wells
grown by either OMCVD or MBE. Since the exact thick-
nesses of the GalnAsP quantum wells were not given in Ref.
8, the thicknesses used here were estimated assuming ideal
energy shift to well thickness relation. It is clear that the
present quantum wells have significantly narrower PL
linewidths than any previous Gag 4, In, 53 As quantum wells
ever reported at all well thicknesses.

The low-temperature PL linewidths for Ga, 4, In, 5, As
single quantum wells are determined by three major contri-
butions, i.e., alloy broadening,'? due to geometric well width
fluctuations,'*'®** and broadening due to an equilibrium
concentration of carriers (band-filling effect) and defects
associated with the heterointerfaces.'” In Ga,,,In,s; As/
InP quantum wells, alloy broadening dominates for well
thicknesses of L, > ~ 50 A and amounts to about 1.3 meV.
Alloy broadening becomes reduced though not negligible in
narrow wells because the electronic wave function spreads
more into the InP cladding layer. A value of 1.2 meV was
recently measured experimentally in extremely high quality
Ga, 4, Ingy 53 As bulk layers.”'

The dashed curve shown in Fig. 2(a) was calculated by
Welch ez al.'” for broadening due to an equilibrium number
of carriers produced from impurities in the well and/or the
barrier layers. A sheet carrier density of 2 10" cm ™2 was
used. The dotted curve was the calculated linewidth broad-
ening AE, due to a total (both heterointerfaces) geometric
well width fluctuation L, of one monolayer (a,/2 = 2.934)
using the relationship AE = [d(AE , )/dL, 1AL

E |, is the energy upshift due to quantum-size effect in
wells with finite-height barriers. For narrow wells (~ < 50

W~ T 7T T TTT T T T T T
80 F X Tz2-4K © GaInAs/AfInAs, REF {13}
T X GaInAs/AfInAs, REF (42)7]
i MBE ® GaInAs/InP, REF {6) ]
60 - ¥ GoInAs/InP, REF (7)1
L A GoInAs/InP, REF (8} ]
CVD{. GolnAs/InP, REF (5)
40 + \ A GaInAs/ InP, REF {4)-
3 ° 4
E \ TTo=—o0—
4 N
r 20 »o o \\\ x\x —
5 e N |
Z A\ e 7
< ‘ -
z |
S .\' £ _
o oK 0\
4 M 8 BROADENING E
z " DUE TO L
8 + = " BAND - FILLING p
9 e \ -
wl
Z L 4
3 a v
2 4+ \ CBE GaInAs/InaP -
= |
o L N 4
E ‘—'\- |
BROADENING
2 INTRINSIC .— ~DUE TO —
ALLOY AL,z 0,02
BROADENING
T3 WA U G VA A U S N T Y J__LL__L_-. I
[¢] 50 100 150 R 200
(a) WIDTH OF QUANTUM WELL Lz {A)
20T T T
| o : QUANTUM WELLS T= 2K
CBE @ GagpIngzAs/InP
THIS wom(
e AfAs/Ga
- HANAKAT et al, REF {17)
4 A A2GaAs/GaAs ,  REF(22)
£ MBE WEIMANN, SCHLAPP
~ 15 o o OHTAetal,  REF(25)
3 O AlGaAs/GoAs
. DEVEAUD st ol ,REF {20)
[ © oM- O A#GaAs/GoAs
& . CVD KAWA! et ol., REF (23)
: 3
z B CALCULATED FOR 1
3 . Alg=ag/2 4
o "¢ FOR Gohs - AlAs
et - 1
[y [a] 4
8 I\,
5
3 \A o
S s} ’ B
o
g x- . ]
- -4
005! ] .— T L]
A, W
o IR S S WO SN WA TS S SN S N S 1 1
50 100 150 '2000
.
(b) WIDTH OF QUANTUM WELL L,(A)

FIG. 2. (a) Represents a compilation of PL linewidths (FWHM) as a func-
tion of well thickness for all published Ga, ,; In, 5, As/Al ,, Ing s, As quan-
tum wells grown by OMCVD and MBE together with present results grown
by CBE. The dashed curve was calculated broadening due to band filling
from impurities. A sheet carrier density of 2x 10" em~? was used. The
dotted curve was calculated broadening due to “effective” interface rough-
ness L, of a,/2 assuming finite-height barriers. (b) Represents a compila-
tion of the narrowest PL linewidths (FWHM) of the GaAs/AlAs and
GaAs/AlGaAs grown by MBE and OMCVD ever reported together with
the present CBE-grown Gay ., In,, s; As/InP quantum wells as a function of
well thickness for comparison. In Ga,,,In,s;As wells, intrinsic alloy
broadening amounts to ~ 1.3 meV, which is not present in GaAs wells. The
dotted curve was calculated for broadening due to L, = a,/2 for GaAs/
AlAs wells assuming infinite-height barriers.
A) broadening due to well width fluctuation becomes very
severe and is the dominant contribution to PL linewidths.
Our linewidths are far significantly narrower than the calcu-
lated broadening. Similar situations were found by Tanaka
et al.,'" Weimann and Schlapp,?? and Kawai er al.>* for ex-
tremely flat MBE and OMCVD-grown GaAs/AlAs and
GaAs/AlGaAs quantum wells recently, respectively.
Neglecting contribution due to alloy broadening in nar-
row wells, we estimated an “‘effective” interface roughness of
0.12a,, which can be interpreted as that the quantum well
was largely consisting of a big domain of the same thickness
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L, perforated with a small fraction of small domains of
(L, +ay/2). From the above comparisons with previous
published results*'? and theoretical calculations,'? we con-
clude our quantum wells have extremely flat heterointer-
faces, not band filling due to background impurities, and a
minimal alloy broadening of ~ 1.3 meV for wells > 50 A.
This is further supported by the results of excitation spec-
troscopy®! obtained from GaAs/AlGaAs quantum wells
also grown with the same technique, which show an abrupt
heterointerface smooth to within one monolayer.

In fact, the PL linewidths of these CBE-grown
Gagy 4;Ing 53 As/InP quantum wells are at least equal to the
narrowest linewidths reported'”-2>222° for the extremely flat
all binary GaAs/AlAs quantum wells recently grown by
MBE using a specially controlled interrupted growth tech-
nique'’ and phase-locked epitaxy.?> Figure 2(b) gives a
compilation of the best GaAs/AlAs and GaAs/AlGaAs
quantum wells grown by MBE'"***? and OMCVD?? that
have shown a single sharp exciton peak together with the
present results for comparison. Note that in GaAs/AlAs
quantum wells, there is no broadening due to alloy fluctu-
ations. Thus, for narrower Ga, 4, In, 5; As wells, where the
electronic wave functions spread farther into the InP clad-
ding layers, the PL linewidths are similar to those of GaAs/
AlAs obtained by Tanaka et al.'” even though there are still
some contributions from alloy broadening. On the other
hand, for thicker Ga, 4, In, 53 As quantum wells, where the
electronic wave functions are tightly localized within the
wells, intrinsic alloy fluctuations { ~ 1.3 meV)?* broaden the
PL linewidths in comparison with GaAs wells. If a value of
1.3 meV is subtracted for the Ga, ,,In,; As wells having
thicknesses > 100 A, the resulting linewidths become equal
to those of extremely flat GaAs wells with thicknesses > 100
A. The dotted curve was calculated for broadening due to
L, =ay/2 for GaAs/AlAs quantum wells assuming infi-
nite-height barriers from which Tanaka et al.'” concluded
that their PL linewidths correspond to an “effective” inter-
face roughness AL, of ~0.19 atomic layer. This value un-
derestimates the “effective” interface roughness because of
the assumption of infinite-height barriers. Such comparison
in Fig. 2(b) undisputedly shows that the interface quality of
the CBE-grown Ga, ,,Ings; As/InP quantum wells is at
least equal to even the best GaAs/AlAs and GaAs/AlGaAs
quantum wells grown by MBE. Note that both the GaAs and
Al,Ga, _, As materials and the MBE growth of these mate-
rials and heterostructures have been extensively studied and
perfected by now. Note also that the growth of
Ga, 4, Ing 53 As/InP also involves a complete replacement of
As with P and vice versa at the heterointerfaces. Comparing
with OMCVD-grown GaAs quantum wells,”* the present
Gay 4, Ing5; As quantum wells are still significantly better
[see Fig. 2(b)].

In Fig. 3 we show the measured PL energy upshifts
AE,, of five different Gag,,Ings; As/InP quantum well
samples each having stacks of quantum wells of different
thicknesses as thin as 6 A as a function of well thicknesses.
The three solid curves were calculated with different ratios
of conduction-band-edge differences to valence-band-edge
differences, AE./AE, . For the first time, experimental val-
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ues fall within the theoretical curves. All previous re-
sults*®1%12 1ie below the theoretical curves. Further, the
extreme consistence and well-behavedness of the various dif-
ferent samples prove the reliability of the data and the repro-
ducibility of the growth technique. Basing on the present
data alone, it is difficult to determine the actual AE, /AE,
ratio.

'W. T. Tsang, Appl. Phys. Lett. 44, 288 (1984).

’H. Temkin, K. Alavi, W.R. Wagner, T. P. Pearsall, and A. Y. Cho, Appl.
Phys. Lett. 42, 845 (1983).

*W. T. Tsang, IEEE J. Quantum Electron. QE-20, 1119 (1984).

4C. P. Kuo, K. L. Fry, and G. B. Stringfellow, Appl. Phys. Lett. 47, 855
(1985).

M. Razeghi, J. P. Hirtz, U. O. Ziemelis, C. Delalande, B. Etienne, and M.
Voos, Appl. Phys. Lett. 43, 585 (1983).

®J. H. Marsh, J. S. Roberts, and P. A. Claxton, Appl. Phys. Lett. 46, 1161
(1985).

"H. Temkin, M. B. Panish, P. M. Petroff, R. A. Hamm, J. M. Vandenberg,
and S. Sumski, Appl. Phys. Lett. 47, 394 (1985).

*H. Temkin and P. M. Panish (unpublished).

°M. A. DiGiuseppe, H. Temkin, L. Peticolas, and W. A. Bonner, Appl.
Phys. Lett. 43, 906 (1983).

K. Kodama, M. Ozeki, and J. Komeno, J. Vac. Sci. Technol. B 1, 696
(1983).

"'D. F. Welch, G. W. Wicks, and L. F. Eastman, Appl. Phys. Lett. 43, 762
(1983).

"D. F. Welch, G. W. Wicks, and L. F. Eastman, Appl. Phys. Lett. 46, 991
(1985).

YKawamura, K. Wakita, and H. Asahi, Electron. Lett. 21, 1169 (1985).

"“W. T. Tsang, Appl. Phys. Lett. 45, 1234 (1984).

“W. T. Tsang, J. Appl. Phys. 58, 1415 (1985).

1°C. Weisbuch, R. Dingle, A. C. Gossard, and W. Wiegmann, Solid State
Commun. 38, 709 (1981).

'""M. Tanaka, H. Sakaki, J. Yoshino, and T. Furuta, Conference Proceed-
ings of the Second International Conference on Modulated Semiconduc-
tor Structures, Kyoto, Japan, Sept. 1985, p. 310.

'*T. Hayakawa, T. Suyama, K. Takahashi, M. Kondo, §. Yamamoto, S.
Yano, and T. Hijikata, Conference Proceedings of the Second Interna-
tional Conference on Modulated Semiconductor Structures, Kyoto, Ja-
pan, Sept. 1985, p. 322.

"L. Goldstein, Y. Horikoshi, S. Tarucha, and H. Okamoto, Jpn. J. Appl.
Phys. 22, 1489 (1983).

B. Deveaud, J. Y. Emery, A. Chomette, B. Lambert, and M. Baudet,
Appl. Phys. Lett. 45, 1078 (1984).

'W. T. Tsang, A. H. Dayem, T. H. Chiu, J. E. Cunningham, E. F. Schu-
bert, J. A. Ditzenberger, J. Shah, J. L. Zyskind, and N. Tabatabaie (un-
published).

>G. Weimann and W. Schlapp, in Two-dimensional Systems, Heterostruc-
tures, and Superlartices, edited by G. Bauer, F. Kucher, and H. Heinrich
(Springer, New York, 1984), p. 88,.

H. Kawai, K. Kaneko, and N. Watanabe, J. Appl. Phys. 56, 463 (1984).

**W. T. Tsang and R. C. Miller, Appl. Phys. Lett. 48, 1288 (1986).

2°K. Ohta, H. Funabashi, T. Sakamoto, T. Nakagawa, N. J. Kawai, T. Ko-
Jjima, and M. Kawashima, J. Electron. Mater. 15, 97 (1986).

22p0ownloagsst PhysliZRP3vel 148 Nb3 4,198 Uiy Rgggstribution subject to AIP license or copyrighW.SﬁerQé%/émpéﬁgpg&nggp/apIcr.'bséjz



