Pressure dependence of optical transitions in ordered GaP/InP superlattices
Alberto Franceschetti and Alex Zunger

Citation: Applied Physics Letters 65, 2990 (1994); doi: 10.1063/1.112486

View online: http://dx.doi.org/10.1063/1.112486

View Table of Contents: http://scitation.aip.org/content/aip/journal/apl/65/23?ver=pdfcov
Published by the AIP Publishing

Articles you may be interested in
Polarization fields and band offsets in GalnP/GaAs and ordered/disordered GalnP superlattices
Appl. Phys. Lett. 68, 2852 (1996); 10.1063/1.116346

Electronic structure of (GaAs) m /(Ge2) n (001) superlattices with 1(m,n)20
Appl. Phys. Lett. 68, 1942 (1996); 10.1063/1.115633

Comment on “Normal incidence second-harmonic generation in L-valley AISb/GaSb/Ga1-x Al x Sb/AISb
stepped quantum wells” [Appl. Phys. Lett. 65, 2048 (1994)]
Appl. Phys. Lett. 68, 1872 (1996); 10.1063/1.116125

Theoretical study of room temperature optical gain in GaN strained quantum wells
Appl. Phys. Lett. 68, 296 (1996); 10.1063/1.116064

Band offsets at the CdS/CulnSe2 heterojunction
Appl. Phys. Lett. 63, 2549 (1993); 10.1063/1.110429

Frustrated by Is your AFM dead Sick of bad It is time to upgrade your AFM
old technology? and can't be repaired? customer support? Minimum $20,000 trade-in discount
- = for purchases before August 31st

Asylum Research is today’s
technology leader in AFM

OXFORD |

dropmyoldAFM@oxinst.com ENISTRUMENTS

The Business of Science”



http://scitation.aip.org/content/aip/journal/apl?ver=pdfcov
http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/www.aip.org/pt/adcenter/pdfcover_test/L-37/1326236762/x01/AIP-PT/Asylum_APLArticleDL_070815/AIP-JAD-Trade-In-Option2.jpg/6c527a6a713149424c326b414477302f?x
http://scitation.aip.org/search?value1=Alberto+Franceschetti&option1=author
http://scitation.aip.org/search?value1=Alex+Zunger&option1=author
http://scitation.aip.org/content/aip/journal/apl?ver=pdfcov
http://dx.doi.org/10.1063/1.112486
http://scitation.aip.org/content/aip/journal/apl/65/23?ver=pdfcov
http://scitation.aip.org/content/aip?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/68/20/10.1063/1.116346?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/68/14/10.1063/1.115633?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/68/13/10.1063/1.116125?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/68/13/10.1063/1.116125?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/68/3/10.1063/1.116064?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/63/18/10.1063/1.110429?ver=pdfcov

Pressure dependence of optical transitions in ordered GaP/InP superlattices
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We have calculated the pressure coefficients a few optical transitions i§001), (111), (110, and
(201) GaP/InP ordered superlattices usialg initio methods. The equilibrium atomic geometries
under hydrostatic pressure are obtained by direct minimization of the elastic enthalpy. We find that
(i) the pressure coefficient of thewestenergy transition is uniformly high, due to theg, character

of the conduction-band minimunij) the pressure coefficient of the transition to fezond lowest
conduction state df distinguishes thé111)-oriented(CuP?d superlattice(a=4.0 meV/kbay from

the remaining structurei@=—2 meV/kbaj. This is so because in CuPt we havdolding, while

in the other structures we havefolding; (iii) the calculated pressures for the-X crossover are
45,43, 12, and 16 kbar for tHe01), (111), (110), and(201) superlattices, respectively. These trends
reflect the zero-pressurB,.—X,. energy separation and tHe. pressure coefficient of these
structures. ©1994 American Institute of Physics.

Spontaneous ordering of random alloys into short-periodsure P by minimizing the zero-temperature enthalply=E
superlattices has now been observed during vapor-phasePV, whereE is the internal energy and is the volume of
growth in virtually all 111-V semiconductor alloy$.As in  the system. In a periodic solid is a function of the strain
artificially grown superlattices, Brillouin-zone folding is ex- componentse, gt and of the cell-internal atomic positions
pected here todTable | gives the folding relations of a few {7s.«)- By minimizing H with respect to these variables, one
states around the band gap for the ordered CuAu, CuPt, Y2btains the equilibrium atomic geometry of the system. We
and chalcopyrite structures of GalnfAs Table | illustrates, will refer to this approach as the “direct minimization
these structures are short-period superlattices with atomimethod.” While, in principle, the internal enerdy can be
layers oriented along th@01), (111), (110), and(201) direc- computed byab initio local-density-approximatiodLDA)
tions, respectively. We see that the low-lyiigtype conduc- methods, here we approximateE using the Keating’s
tion states of these superlattices evolve from ke, X;,,  valence-force-field(VFF) method] where all the bond-
Xs3., andL ;. states of the parent zinc-blende materials. Sincéending force constants involved in the ternary compounds
the band-gap pressure coefficients of theseent zinc-  (€.9., G—P—In, .). have been fitted to the LDA total energies
blende states are rather differgisee Table )i, one expects 0Of 25 ordered Ggln,P,., compounds. A conjugate-
that measurements of the band-gap pressure coefficiengisadient minimization of the enthalpy then yields, for each
could aid in the identification of theuperlatticestructures — external pressurg, the values ofe,z, 7 .} As an example,
present in a given sample. Furthermore, measurements of tiige lattice constanta andc of a tetragonal, free-standing
pressure coefficients af few optical transitions in a given (GaP4/(InP); (001 superlattice(CuAu structurg are shown
superlattice could uncover the extent of the intervalley mix-as a function of the external pressuten Fig. 1. We use the
ing, e.g.,I'=X in the CuAu structure anfi-L in the CuPt VFF method only to determine the structural parameters of
structure. A few groups have started experiments in thesthe superlattice; the pressure coefficients are calculated by
directions®>* Here we provide theoretical predictions for the applying first-principles methods to these structures.
pressure coefficients of a few optical transitions in the main It is interesting to compare this direct minimization
superlattice structures of GaP/InP. While a detailed comparimethod with the conventional continuum elasticity approxi-
son with the experiment would require knowing whether cur-mation (CEA),® in which the internal energf is expanded
rently grown samples are substrate-constrained or uncof@ second order in strain around the equilibrium zero-
strained, our results for free-standing superlattices coul@ressure geometry. Neglecting terms of ordee; and
provide useful guidelines for the interpretation of experimenhigher, the enthalpy reads:
tal results.

To follow thg evolution of the band str.ucture wjth pres- Eo+ 1 Vo E €aCapyn€ynt PVo| 1+ E e,
sure, one must first calculate the change in the unit-cell vec- 2 e e "
tors and the cell-internal atomic positions induced by exter- (1)
nal hydrostatic pressure. For simptenc-blendestructures,
there is but a single structural parameter, i.e., the cubic latticerherec
constanta. To linear order in the external pressure its
pressure dependence is given byP)=aq(1—P/3B,), 1 P’E
wherea, is the equilibrium zero-pressure lattice constant and Capyn™ Vo € g€,y )

By is the bulk modulus. The dependence of the structural
parameters of auperlatticeon the external pressure is more andV, is the zero-pressure unit-cell volume. For every value
complicated. We can determine the atomic geometry at presf {,4} in this expansion we assume that the internal degrees

«pyn are the elastic constants:
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TABLE |. Folding relations between zinc-blende statesparenthesijsand superlatticé™ states for four different GaP/InP ordered structures defined in the
heading. The LDA-calculated energy differenckes 5 (in eV, with reference to the VBM and the CBMand the calculated pressure coefficieat$in
meV/kbar, with reference to the VBMare given for thd™ states of the completely ordered superlattices. The label €Bienotes theth level above the
CBM, while VBM-i denotes théth level below the VBM.

Name CuAu CuPt Y2 Chalcopyrite
Superlattice (GaP4/(InP); (001) (GaP,/(InP); (111 (GaB,/(InP), (110 (GaP,/(InP), (201
Unit cell Tetragonal Trigonal Orthorombic Tetragonal
Folding A€ pp a Folding A€ pa a Folding A€ pa a Folding A€ pa a
CBM+2 T1e(Xa0) 121 03 T1o(T1s0) 3.16 -0.5 Ta(Xa0) 0.88 -0.8 Ta(Xa0) 0.86 -0.7
CBM+1 Cae(X10) 0.85 —1.6 Tio(Lyo) 1.07 40 Lac(X10) 052 -2.2 Coe(X10) 056 —2.3
CBM T1e(Ty0) 0.00 7.3 T1e(Tye) 0.00 6.4 T1e(Tye) 0.00 7.6 T1e(Tye) 0.00 8.1
VBM [,(Ts,) 000 0.0 [5,(Ts) 000 0.0 I,,(Ts) 000 00 I,,(Ts) 000 00
VBM-1  [,(I) 023 —07 [,(Fs,) —031 —07 [5(s,) —013 —0.4 T5,(s,)  —0.04 —0.2
VBM —2 Is,(Xs,)  —253 —3.9 Ta(Ls,)  —127 —23 I,(Ts) —015 —0.4 Ts,(Xs,)  —241 —4.0

of freedom{r, ,} are relaxed to the minimum-energy con- the VFF method, suggesting that the CCEA elastic constants
figuration. Minimizing the enthalpy with respect to strain, we are somewhat different from the more accurate VFF ones. In

obtain: the following we will use therefore the VFF direct minimi-
zation approach to determine the atomic geometry of GaP/
2 Capyn€yn=—PBu s ©) InP superlattices under hydrostatic pressure.
aBynSyn a,B . . .
¥ The band structure at the atomic configuration corre-

The solution of this linear system gives the strain Compo_spondlng to a given external pressure is calculated using the

nentse,; as a function of the external pressuPe When LDA” as implemented by the linearized augmented plane

dealing with superlattice structures, however, one often rey/ave methodLAPW).? The calculation is semirelativistic

sorts to the cubic approximation to continuum elasticityfor the valence states; spin—orbit coupling is thus neglected.

(CCEA), where(i) the elastic matrix is assumed to have theThe pressure coefficients re_lative to the valence-band maxi-
same form as in cubic materials, so that only the lattice con[numlt(VBM) are dlslplgyei(rj] '{_' Tables | and II. From these
stant can change with pressure, diidl in ternary systems results we can conclude that. .
the cubic elastic constants; andc,, are taken as the aver- ('.) . In-all four superlattices .the Iowest-er.\ergy optical
age of the elastic constants of the binary constituents. In Fi&.r anfsf.|t|_o N te.volvtehs frr?mh ef|_1|c-fold|ng sFa_te, sqtr:t}pr(testsure
2 we compare the ratio/a between the lattice constants of a z:oe |;:(|enin|scraA erL Igin. C oF\i\;elvzr/, :m):;]ng V;” rs a e;sﬁ
tetragonal(GaB/(InP); (001) superlattice obtained by the ?'g't’ S'ih u ui tlcth ury lowe ? tlﬁe P elssu € ?Ot(ha )
CCEA method with that resulting from the direct minimiza- clent with respect 1o In€ average of g, valles of the
tion of the VFF enthalpy. While/a is constant in the CCEA binaries(8.2 meV/kbay. The extent of this lowering effect

TS . ; . depends on the pressure coefficients of the folded zinc-
approximation, it increases almost linearly with pressure i .
PP y P "blende stategTable I) and on the strength of the intervalley

mixing. Note that in the chalcopyrite structure, where the
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FIG. 1. Pressure dependence of the lattice constarasd c of a free- FIG. 2. Pressure dependence of tiia lattice-constant ratio for the CuAu
standing(GaP-/(InP), (001 superlattic§ CuAu structurg as obtained from  structure, as obtained from the cubic approximation to continuum elasticity
the VFF direct minimization method. (CCEA) and from the VFF direct minimization methdFF).
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TABLE Il. LDA-calculated pressure coefficients in meV/khaith respect  CUAU and CuPt structures than in the Y2 and chalcopyrite

to the VBM) of bulk GaP and InP. structures, because in the former case Ithge-X;. energy
separation is larger and thE,. pressure coefficient is
1—‘lc ch x3c Llc
smaller.
GaP 9.0 -20 -0.9 3.3 (v) For the disordered GalnysP alloy we can estimate
InP 7.4 -19 0.2 3.4 P. using our approximated values fe4.(0) and ay(0) and

the zero-pressurf,.—X,. energy separation of 0.29 é¥.
This givesP,=28 kbar. Thus, we predict l@wer transition
mixing with off-I" states is rather weak, the pressure coeffipressure in the disordered alloy than in the CuAu and CuPt
cient is very close to the binary average. ordered structures. However, the Y2 structure, if present in

(i) The pressure coefficients given in Table | correspondhe sample, will show &—X crossover at a lower pressure
to perfectlong-range ordefLRO parametery=1), where the  than the disordered phase.

admixture with offI” states is maximal. The pressure coeffi- (vi) Uchidaet al? identified an emission witmegative

cients for lower degrees of ord¢d<<7<1) can be derived pressure coefficient=—0.5 meV/kbar from a state located

from:* ~0.28 eV above the direct gap at zero pressure. They sug-
a()=a(0)+ [ a(1)— a(0)]. (4) gested that this could come from tlsecond(X-folded) I"

conduction state of the Y2 structure. However, thst (I'-
Approximating the pressure coefficieat0) of the random  fo|ded) conduction state of the Y2 structure is expected to be
alloy with the average of the binari€$able 1), we obtain higher in energywith respect to the VBMthan the CBM of
ar(0)=8.2 meV/kbar andry(0)=—2.0 meV/kbar. This com-  the CuPt structur¢our calculated energy difference 4s0.2
pares well with the previously measured pressure coefficientgy). Hence, an emission from the Y2 CBM should have been

of the disordered Gajn, P alloy: ar(0)=8.87 8.6+0.6/"  gpserved if sufficiently large domains of Y2 were present in
and 8.4:0.2 (Ref. 12 meV/kbar, anday(0)=-2.0£0.2  the sample.

meV/kba.H'2 In all the four structures considered here we The authors are gratefu' to Su-Huai Wei for he'pfu' dis-

have ar(1)<er(0), so from Eq.(4) it follows that the pres-  cyssions on this subject. This work was supported by the
sure coefficient of the conduction-band minim@BM) de-  y.S. Department of Energy, OER-BES, Grant No. DE-
creaseswith increasing ordering. AC36-83CH10093.
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