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L -band recombination in In ,Ga_,P/In 3 Al o P multiple quantum wells
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(Received 19 January 1996

We report the direct observation of recombination from the band in InGa; _,P/IngsAl o sP multiple
guantum wells. The indiredt, transition is observed in unstrained structures with narrow wells and in tensile
strained structures, using high-pressure photoluminescence measurdmergsombination is characterized
by a pressure coefficient of 605 meV/GPa, considerably smaller than that of the directlggpstates. In the
same experiments we also identify heterostructure states associatdd wéthd X, . from which we determine
the separation among the conduction minima in unstrained bullGdp ,P for x<0.48. [S0163-
182996)06620-9

In,Ga; _,P is one of the most attractive materials for the L-like behavior of the conduction-band minima was identi-
development of semiconductor lasers emitting in the yellowfied in narrow lattice matched MQW's, and also confirmed
red region of the optical spectruhCurrent visible laser di- On tensile strained MQW's, from pressure-dependent photo-
ode technology uses multiple quantum wéMQW’s), with  luminescencéPL) measurements at low temperature. Carrier
In,Gay P wells and Iy sAl 5P or In,(Al ,Ga, )P bar- recombmatlon_ f_roleC was characterized by a reduced
riers. This heterostructure combination coupled with the posPr¢ssure coefficient compared to that measured for the lowest
sibility of varying well width and composition offers large confined T’y state. The identification of the MQW states

flexibility in th lecti f th ; | h associated witl" ;. and Xy in the same experiments made
exibility in the selection of the operating wavelength as,,qgiple the calculation of the separation among the
well as for tailoring of the output characteristics. Successfulgnquction-band extrema in JGa, P for compositions

design and optimization of advanced laser structures is basggz g 48.

on a complete understanding of the band structure and band The combination of using hydrostatic pressure and
alignments of the heterostructure materials composing thmQW's with different well width and compositions was es-
laser. Normally knowledge of the direct energy band gap isential for the unique determination of the. transition in
sufficient for the selection of the operating wavelength.In,Ga; _,P/Ing Al o P MQW’s. With hydrostatic pressure
However, for specific requirements such as the reduction ofhe relative position of the conduction-band extrema was
the laser threshold current, it is necessary to know the sep&0dified and the indirect states were revealed as they be-
ration among the conduction-band minima, so as to avoi§@Me the lowest conduction-band minima. Thg, L.,

: : : . d X;. minima were distinctly identified as they shifted
any detrimental influences in the laser operation from théNd A1c
higher effective mass, indirett;, and X, valleys. with pressure at rates of about 100, 60, an?2l0 meV/GPa,

. _ respectively, typical of other semiconductor materfsfince
The ban_d stru_c7tur(_a of bulk IGa, _,P has b.ee” Investi- - ik I'y. andL,; have positive pressure coefficient, obtain-
gated previously-’ It is known that InGa,_,P is a direct-

. " . ing a band alignment in which,, becomes the conduction-
gap material for In compositions>0.32 and that it becomes o4 minimum at high pressures, requires fhe-L ;. sepa-

indirect, with L_l? being the I39\7Nest condluctlon-band MINIMa, ration to be considerably smaller than that f.-X,. at
for In compositionsx<0.32" Decreasing the In composi- atmospheric pressure. This condition was achieved in the
tion further reveals theX;. extrema that become the |n Ga, ,P/IngsAl,sP MQW's, by decreasing the well
conduction-band minima fok<0.2>*’ The proximity of  width and in a separate experiment by decreasing the In com-
the L. and X, transitions has made difficult the identifica- positionx.
tion of L,.. Previous optical studies in alloys with varying  The In,Ga; _,P/Ing Al o sP MQW samples used in these
compositions did not show any evidence of thg. band?>  studies were grown by gas-source molecular beam epitaxy
TheL-like behavior was also absent in optical measurementsn (100 GaAs substrates with nominally lattice matched
at high pressure conducted on In-rich all§y8Evidence of composition for the barrier material. The growth of the
L,. was obtained from modulated piezoreflectanceln,Ga;_,P/IngsAl 5P MQW’s was carried out at 530 °C at
measurementsand high-pressure mobility measureménts 1.0 um/h, conditions that produced a disordered, random
from which the energy separation among the conductionalloy in bulk samples as previously determined by photolu-
band extrema of InGa; _,P alloys was not obtained directly. minescence, photoluminescence excitatiBhE), and trans-
The proximity of theI';., Li., and X;. extrema for mission electron diffraction measuremeht&ach sample
Xx<0.48 places restrictions in the design of,8a;_,P  contained a buffer layer of GaAs of 0/m thickness, fol-
MQW's, as indirect well structures can be obtained by tai-lowed by an I Al 5P buffer layer 0.035um thick, the
loring the separation among the conduction-band states byIQW region and an IgAl o sP cap layer 0.Jum thick. All
means of varying the composition and the well width. layers were unintentionally doped. The MQW'’s consisted of
In this paper we report the observation of recombinatiors0 periods of 50-A wells and 150-A barriers. The well com-
from the L, states in InGa; _,P/Ing Al osP MQW’s. The  positionx was selected equal to 0.48, 0.41, and 0.37 corre-
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e (a)

FIG. 1. (a) PL spectra from the-0.57% ten-
sile strain MQW, corresponding to transitions as-
sociated withl"y;, L., andX;.. (b) Schematic
diagram of the band structure of J@a;_,P/
Ing sAl . sP MQW'’s showing the various photo-
luminescence transitions observed in the experi-
ments.
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sponding to 0,—0.57%, and—0.87% tensile strain. For the though an~6% reduction in the pressure coefficientst is
unstrained composition a second structure consisting of 58xpected from the variation in the well widththis effect
periods of 30-A wells and 150-A barriers was also grown.cannot explain the almost 50% decrease measured in the nar-
The high-pressure photoluminescence measurements wei@v MQW's. The lower value ofl E/dp indicates that in the
conducted at 50 K. Details of these experiments have alreadyp-A MQW’s recombination takes place from a conduction-
been described in Ref. 10. _ band state with at.-like behavior.L,.-1hh recombination,

, Typical PL spectra originating from W?” states associateqgpeledL 1 in Fig. A(b), is observed in the narrow well struc-
with I'y¢, Ly, and X, are shown in Fig. ). The full 4, g sinceE1 is shifted abovel,. due to the increased
W.'dth at haI_f_maX|mum of the PL signal corresponding t_o thecarrier confinement. The calculated pressure dependence of
direct transition was measured to bel 7 meV. The PL Sig- g9 j, e 30.4 MQW is represented by the solid line in Fig.
mZ(b). In the 50-A MQW thel 1 transition was not observed,

pared to the direct transition. We notice that since lthg s it occurred at higher pressures where the indEctran-

states are confined in the well, their PL is more intense and; " pecomes dominant. Thel behavior in the 50-
narrower than t_hat Ky, As shown next, the !dent|f|cat|on A MQW, calculated assuming the same pressure coefficient
of the PL transitions was made strictly on their pressure rate
of change. Their labeling is shown in the band diagram of

Fig. 4(b) and is consistent with our previous work on this 235

material system? I O I @
Figure 2 shows the pressure dependence of the PL transi- 237 ~~F

tions measured in the unstrainedglaGag sP/Ing sAl o P £225 Cnu g

MQW'’s investigated. The pressure behavior of both the i s e E3

50-A and the 30-A MQW's is qualitatively similar. Four PL 2 -3

transitions were identified, one with a positive pressure co- [52'15 LT S

efficient (dE/dp) and three PL transitions with negative 2.1 E2

slope, characteristic of ak band. Among the threX-like 205

transitions, two were observed over the whole pressure range )

of the experiments. These PL transitions, labetel and 235 —

E4, correspond to the indirect recombination of photoexcited 23 [ Toe-alF ®

carriers from theX,. minima in the well ;.- 1hh) and in ' B4

the barrier, respectivelyX;T'1,). The third indirect tran- >225 ¢

sition (E2) was only observed at high pressures after the YN ey e T

lowest confined conduction-band state becomes resonant %”2 15 L E! TCelg_ “~Egs

with the barrierX, o, statesE2 corresponds to the indirect, in | e Te~F

real andk space, K;q-1hh recombination. As expected, the 21 7 E2

onset ofE2 occurred at lower pressures in the 30-A MQW'’s 205 |

as the separation between the lowest confilhgd state 5 . . . .

(1e) andX;,is reduced with increased carrier confinement. 0 1 2 3
The PL transitions characterized by a positigd&/dp Pressure (GPa)

showed a distinct behavior. In the 50-A MQW, this transi- 1 5 pressure dependence of the photoluminescence transi-
tion labeledE1 was characterized byfE/dp=92+3 meV/  ijons of unstrained Ig,gGagsP/INo Al o P multiple quantum wells
GPa, a value typical of d-like behavior! We associate of (3 50-A well width and(b) 30-A well width. The pressure be-
E1l with the recombination between the conduction- anchavior of all transitions has been fitted using a least-square routine
valence-band ground stateset1hh). By contrastdE/dpin  from which their pressure rate of change and the atmospheric pres-
the 30-A MQW'’s was measured to be 66 meV/GPa. Al-  sure values are determined.
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tion was decreased ardl became the lowest conduction-
TR —ed L @ band state, as observed in th®.87% strained MQW.
231 E4 The identification of the MQW states associated with the
I'ie, Lic, @andX,. extrema in the InGa; _,P wells allowed
the calculation of the energy separation among the
Yo-E~L conduction-band extrema in JGa; _,P for x< 0.48. In ref-
erence to Fig. (b), the I';.-L,. Separation was calculated
E2 from the difference oLl andE1l at atmospheric pressure
and by adding the & confinement energ}’ We neglected
the L1 electron confinement energy since it is small due to
the large effective mass of thg, band®® Thel';.-X;. sepa-
__D_ ration was determined from the difference betw&s and
i Tt - 4--® E1 at atmospheric pressure and by adding teec@nfine-
E4 ment energ}’ and the strain-induced splitting &, calcu-
lated using the model solid theolThe values of1 in the
alaiani P E3 MQW’s with compositionx=0.37 andx=0.48 (30 A well
- - width), in which this transition was not observed, were de-
bxeT | 0 E termined from PLE measurements.
In unstrained bulk 1§ 4dGay 5P, L1, was calculated to be
2t 0.1+0.02 eV abovd';. and 0.18-0.04 eV belowX,.. De-
creasing the In composition decreased thE€,.-L . separa-
1.9 . . s . s tion to 0.08:0.02 and 0.030.02 eV forx=0.41 and 0.37,
R (Gpaz) 25 3 respectively. TheL;.-X;. separation was detremined to be
0.21+0.05 eV forx=0.48. For thelower In compositions
its value was equal to 0.178.05 eV. The insensitivity of
our results for determining the separation)gf; relative to
the other conduction-band extrema arises from the uncertain-
ties involved in calculating the strain-induced shift %f. .
as that measured in the 30-A MQW, is shown by the dashFrom the measured variation of thg-L,. energy separa-
dotted line in Fig. 2a). tion with In composition and assuming a linear behavior in
To confirm our assignment df;., we examined the re- the range of compositions investigated, we determined that
sults of the tensile strained MQW’s. Thelike behavior  Lic becomes the conduction-band minimaat0.3. A simi-
should also be apparent in these structures as the separati@h value was predicted by Bugaski, Kontkiewicz, and
between L, and I';. decreases with decreasing In I\/_Iarlette1L and also determined from Hall measurements at
compositior? Figure 3 shows the energy-pressure data of thdl9h pressuré and piezomodulated measureme%tsé}l.-
In,Gay ,P/ing Al o P MOW’'s with well compositions th.ough thg agreem%nt in tH& .-L 4. crossover composition
x=0.41 and 0.37, corresponding t60.57% and—0.87%  With previous worR” is very good, the values of thEy,
strain, respectively. Hereafter, we discuss the behavior of thgand gap used as reference in this work are found to be

transitions with positivedE/dp, as the indirect transitions approximately 60 meV smaller than that reported by Merle

3 A .
are equivalent to those observed in the unstrained MQW'S?t al.” While ~20 meV can be accounted for by the localiza

In the —0.87% strain MQW'sdE/dp was measured to be tion energy, the rest is likely to arise from differences in the
. A oy 6

60+5 meV/GPa, identical to that df1 in the 30-A un- growth condlyons'l. . o .

strained MQW’s. In the-0.57% strain MOW's the PL tran- In conclusion, we have identified thg . band in narrow

o : o : C g unstrained and in tensile strained,®a;_,P/Ing Al o gP
Elgr? gv\iglrttheﬁs\l/t\;Vg gEégg isth;)r\]/;/ftta:da;tfgsrt a?;g%iil(gi“snd MQW's and determined from these results the separation of

meV/GPa and above 0.5 GPa at a slower rdf&/dpP the conduction-band extrema in,/@a; ,P for In composi-
=60=5 meV/GPa, as shown by the solid and dash-dotteé'onsx£o'48'

lines of Fig. 3a). This change in the slope indicates that a We would like to acknowledge encouraging discussions
pressure-induced1-L1 crossover takes place at 0.5 GPa.with Dr. J. Fouquet, Dr. J.L. Chilla, Osvaldo Buccafusca,
The low pressure at which this crossover occurred shows thaind Professor S.L. Lee. This work was supported NSF
E1l andL1 are separated approximately 35 meV at ambienGrants No. DMR 9321422, ECS-9502888, and AFOSR Con-
conditions. With increased tensile strain, th#-L1 separa- tract No. F49620-93-1-0021.
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FIG. 3. Energy-pressure diagram for tensile strained MQW'’s
with (@) —0.57% strain andb) —0.87% strain.
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