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We report an investigation of the reflectivity spectra of InP at normal incidence, at pumped-
helium temperature, and under [100] uniaxial stress. Three transverse exciton frequencies associated
to the 1s ground state and the 2s and 3s excited states have been found. We deduce an exciton bind-
ing energy E=5.1+0.1 meV. From a detailed investigation of the 1s ground state in terms of the
three-branch polariton dispersion curves we achieve a very satisfactory agreement between theory
and experiment. Resolving the fine structure of the exciton ground state, we find (i) the exchange
energy A=0.04%0.02 meV and (ii) the longitudinal-transverse splitting E;+=0.17+0.02 meV. The
surface dead layer which corresponds with the best experimental fit is twice the exciton Bohr radius,
as expected for an intrinsic surface-exciton-free layer.

I. INTRODUCTION

The fine structure of excitons in semiconductors is
driven both by the Coulomb interaction and the electron-
hole exchange interaction. The Coulomb interaction gives
rise to a Rydberg series whose energy spacing in usual
III-V compounds is of the order of a few milli-electron-
volts between the fundamental and the first excited state
of the complex. The exchange interaction, which depends
on the overlap between the electron and the hole wave
functions, is lower. It is typically of the order of a tenth
of a milli-electron-volt; therefore in most cases the corre-
sponding splitting is not found within the experimental
uncertainty. This exchange interaction is well character-
ized only for bound-exciton complex' because a bound ex-
citon is atomiclike in nature and results in very sharp ab-
sorption and luminescence lines. In this case the applica-
tion of external perturbations, which cause deep changes
in the level scheme and oscillator strength of the system,
easily allow the determination of all parameters which fit
the description of the energy spectrum of the complex. In
this way magnetic field' and uniaxial-stress experi-
ments®~> have been widely used over the last years.

Concerning now the free-exciton spectrum, the situa-
tion is more controversial. In recent measurements per-
formed under uniaxial stress,’ the fine structure was
claimed to have been resolved by extrapolation of the
splitting pattern down to zero stress. In this analysis the
position of the reflectance minima was plotted as a func-
tion of external stress.. However, only the longitudinal-
exciton resonance frequency approximately corresponds to
the reflectivity minimum, whereas the important trans-
verse resonance frequency cannot be determined so easily.
On the other hand, the energy shift of the longitudinal
resonance frequency differs from the one of the transverse
resonance frequency.”® In this case there is a subtle prob-
lem of line shape in the reflectance spectrum, especially
when several resonances exist within a small energy range
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and one should take the analyzed values of exchange split-
ting of the exciton ground state with reservation. A line-
shape analysis of reflectance is often necessary in order to
obtain detailed information about the internal structure of
the exciton states, but in the case of III-V compounds
with a fourfold-degenerate valence band a complete
analysis of the data must include (i) the three-mode polar-
iton (two-mode exciton), (ii) the k-dependent energy and
oscillator strengths, (iii) the perturbation-dependent ener-
gy and oscillator strengths, (iv) an exciton-free surface
layer, and (v) a finite lifetime of the excitons.

In this paper we present results obtained on InP. The
outline of the paper is as follows: In Sec. II we give a
theoretical calculation of the exciton and polariton disper-
sion curves, taking into account the fourfold degeneracy
of the I'y valence band, the electron-hole exchange energy,
and the presence of an external stress. We calculate the
corresponding reflectivity spectra, taking into account an
exciton-free surface layer, additional boundary conditions,
and stress dependence of both the energy levels and oscil-
lator strengths. In Sec. III we explain our experimental
conditions. In Sec. IV we present our experimental results
and the numerical values of the parameters which give the
best fit within the model detailed in Sec. II. We discuss
these values in Sec. V and present our conclusions in Sec.
VI

II. THEORY
A. Exciton dispersion curves under uniaxial stress

1. Exciton states in the center of the Brillouin zone

Basically the free-exciton ground-state in a direct-
band-gap III-V compound semiconductor is made of an
electron, with spin s:% associated with the T
conduction-band minimum, and a hole, with angular
momentum j=<, associated with the I'y valence-band
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maximum. The exchange interaction which depends upon
the electron-hole overlap splits the corresponding
eightfold-degenerate state characterized by the zeroth-
order wave functions | 3,m;) | +,m,). The short-range
part of the exchange effect gives rise to the J =1 triplet
state (dipole allowed) and the J =2 quintuplet state (di-
pole forbidden). The energy difference between these two
states is the so-called exchange energy A. Next, the long-
range part of the exchange effect leads to the
longitudinal-transverse splitting of the dipole-allowed
state and results in a longitudinal exciton |1,0) and two
transverse ones |1,+1). The energy difference between
these two states is the so-called longitudinal-transverse
splitting Ey1. The exchange interaction Hamiltonian can
be written in a phenomenological way:’

Heon=3A(3—4JS)+E118;(80— ) -

The resulting configuration is given in Fig. 1(a), where the
experimentally  attainable  parameter &=E(1,+1)
—E(2,m) is given by 8=A—+E_ 1. Now, following the
discussion of Bonneville and Fishman,!° the splitting Eyt
only preserves the center of gravity of the triplet state for
Frenkel excitons. This is no longer true for delocalized
Wannier excitons. In this case the center of gravity of the
triplet state is not conserved and more likely the
longitudinal-transverse splitting corresponds to a shift to-
ward higher energy of the |1,0) longitudinal exciton.
The resulting energy-level diagram is given in Fig. 1(b),
and here §=A. This is the model we use for InP.

The fivefold-degenerate J =2 states can, in principle,
split into twofold- (I';) and threefold- (") degenerate lev-
els, due to the cubic crystal field. This splitting, which re-
quires higher-order spin mixing in the Bloch functions,
has never been observed.

2, Exciton dispersion curves

The problem of the exciton dispersion curves is easily
solved in the case of nondegenerate bands by the well-
known center-of-mass transformation. Unfortunately, in
zinc-blende—type semiconductors, the valence-band max-
imum is fourfold degenerate at the T" point, and the prob-
|

[1,£1) [2,+1) 11,00, 2,004
+(Ej+3E,)+8 'llgz(Ep—Eh) 0 0
;%?mrfp LE+E) 0 0

0 0 " E +8+ET 0
0 0 0 E,
0 ’ 0 0 0

All the parameters have the meaning given in Ref. 13.
The origin of the energies is taken on the |2,m ) states at
k=0. 8 is the splitting E(1,+1)-E(2,m) and corre-
sponds to the exchange energy A as already discussed for
Wannier excitons [see Fig. 1(b)]:

4043
11,0>
Eur
(a) 121>
5
12m>)
— 11,0
ELT
J=1
1
(b) Lt A 5
J=2
12m)

FIG. 1. Energy-level diagram of the exciton. A is the ex-
change energy, Eit is the longitudinal-transverse splitting. (a)
Frenkel excitons and (b) Wannier excitons.

lem has no analytical solution. This has been investigated
by Kane!! for direct semiconductors and extended to in-
direct ones by Altarelli and Lipari.'*> Kane considers
separately the low- and high-momentum limits. In the
former one, which corresponds to the experimental situa-
tion in polariton . experiments, he develops the exciton
wave function in the eight-dimensional space of the k =0
exciton ground state and solves the problem using a per-
turbation approach. In this calculation the exchange in-
teraction between electron and hole has not been taken
into consideration. Most of Kane’s results which are use-
ful in studying the polariton dispersion curve are reviewed
by Sermage and Fishman,'® who introduced the exchange
interaction. We do not repeat all the details of the calcu-
lation but only recall the resulting kinetic and exchange
Hamiltonian in the base of the |J,M, ) states quantized
along the wave-vector direction:

[2,£2)

(1

#k? #k>
= N Eh = .
2M, 2M,

E,

M, and M), are the effective masses of light and heavy ex-
citons, respectively, which correspond to
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FIG. 2. Experimental configuration. k is the incident photon
wave vector. X is the stress direction. Light with electric field
along X (Y) axis corresponds to 7 (o) polarization with respect
to the stress.
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where M, and M, are given as a function of electron ef-
fective mass and valence-band parameters y; by Egs. (66)
and (67) in Ref. 11.

The |J,M;) basis states are built of linear combma—
tions of the zeroth-order basis states |3,m;) | +,m,),
hereafter labeled |my,m,). The coefficients of the dif-
ferent combinations are the Clebsch-Gordan coefficients.
For J =1,

_ V3
ll,i1>=+%Ji%,r%>i73|i%,$%>, (2a)
1 1
f1,0>_—7-51—%,%>+—75|%,-%>, (2b)
and for J =2
[2,+2)=|+3,+ 1), (20)
s
[2,i1>=—2—31i%,i%)+%li%,1%), (2d)
12,00 =— | =5, 5y L) 2e)
> ‘/- 292 ‘/i 2 2

3. Stress dependence

When a uniaxial stress is applied to the crystal, the
stress dependence of all | my,m,) zero-order states is ob-
tained by just adding the stress dependence of the consti-
tutive particles. For InP these stress dependences are well
known,'* but the strain-matrix Hamiltonian is diagonal
only if the quantization axis of the angular momentum
corresponds to the stress axis. In this case the strain-
matrix Hamiltonian is written as

|i%’me>x +2rme>x
A+e o 1. : (3)
0 A —e€
A is the hydrostatic component given by

A=a(S|,+2S,)X, where a is the hydrostatic deforma-
tion potential of the exciton; Sj; are the elastic compliance
constants and X is the stress magnitude taken to be nega-
tive for a compression; € is the shear-strain dependence of
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the hole. Depending on the stress direction, the magni-
tude of € is given by the well-known expressions

€100=b(S;; —S12)X for X||[100] , " (4a)
d

61]1—2‘/§S44X fOfX||[111], (4b)

€110= 3 (€l +3€3)!? for X|[[110] . (4c)

Now remember that the kinetic and exchange Hamil-
tonian given in Eq. (1) was expressed in the |J,M,),
basis taking the wave vector k as the quantization axis
while, in Eq. (3), the quantization axis corresponds to the
stress direction. Since both directions do not coincide we
must rotate one Hamiltonian. :

Our experimental configuration corresponds with a
(001) epitaxial layers. The incident light is normal to the
surface so that k||[001], and the stress is applied in the
plane of the sample along the [100] crystallographic direc-
tion (see Fig. 2). As a result we must calculate the [100]
stress Hamiltonian in the basis of the | my,m, )y, states.
A straightforward calculation gives

+2:me>k ]~—2’me>k
) (5
A++e —?e ,
V3
—-——2—6 A——;-e

where e=€190=>0 (511 —S12)X.

Now we calculate the strain Hamiltonian in the
| J,M; ) basis states by using Eq. (2). Next, by summing
the resulting strain matrix with the matrix equation (1),
we obtain the complete matrix Hamiltonian in the
| J,M; ), basis. Lastly, conserving k as the quantization
axis and taking account of the cubic symmetry, we define
a new set of basis states which behave as p- or d-like
states.

1
|X)=72(|1,1>-—|1,—1>), (6a)
| V=—=( LD+ |1,-1), (6b)
|Z)Y=11,0), (6¢)
1
Y —— —
[2,1 >—V§(12,1>+12, 1), | (6d)
—y__b 2 _
| 2,1 )~‘/2(|2,1> [2,—1)), (6e)
[2,0)=12,0), (6f)
1
Yy —— —
12,2 )_ﬁ()2,2>+|2, 2)), (6g)
—y__L 9 —
12,2 >_‘/§(|2,2> 12,—2)). (6h)
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In this basis the kinetic-exchange-strain Hamiltonian
may be written as shown at left. We obtain four 2 X2 ma-
trices which give rise to eight exciton dispersion curves.
The only ones which couple with light are those contain-

12,0) 12,2%)

[2,27)

€

| Z)
E+8+E1+4+
V3

[2,17)

1Y)

12,1+)

V3 E_Ey)
3E4E

1+ LI

| X)
E;+3E
1+3E, L64A e
LEN

ing | X) or | Y) basis function, corresponding to the dif-

| ferent eigenvalues of the first 2 X 2 matrices.

°  Qla < For zero stress and k=0 only the | 1,£1) states would
+ couple with light, the |X) excitons being allowed with
= light polarized parallel to the [100] crystallographic axis

and the |Y) excitons with light polarized parallel to the

wlew [010] crystallographic axis.

° : ,STN For zero stress but finite k values, the kinetic part of
+ the Hamiltonian mixes the d-like [2,17) and |2,17)
= states with the |X) and |Y) states, respectively. Four

states now appear that are dipole allowed. |Z) denotes

Wl longitudinal excitons and remains uncoupled with light.

The first two matrices being identical, the corresponding

eigenvalues are twofold degenerate. This gives rise to a

two-branch exciton dispersion curve coupled with light
and, therefore, a three-branch polariton dispersion curve.

For finite-stress and finite-k values we do not find any

additional coupling with the |X) and/or |Y) dipole-

© allowed basis states, but the first two matrices are no

longer equivalent. They lead to a four-branch exciton

| dispersion curve (dipole allowed) and then a five-branch

polariton dispersion curve. Please note that the eigen-

states of the first 2X2 matrix contain |X )-like basis

states and then couple with light polarized parallel to the

stress axis (7 polarization). On the other hand, the eigen-

states of the second 22 matrix contain only |Y)-like

basis states and couple with light polarized perpendicular

to the stress axis (o polarization). One point, however, is

e e e interesting to outline. In the first 2 X 2 matrix, the forbid-

den |2,1%) state couples with the |X) dipole-allowed

state only through the kinetic part of the Hamiltonian.

Consequently, the corresponding eigenstate is dipole al-

lowed only at very low stress and becomes forbidden when

the applied stress separates the two states. As a conse-

quence, only one single component appears to be dipole al-

lowed for 7 polarization at high stress. Conversely, the

second 2 X2 matrix clearly shows that the two basis states

e e © are both k and X coupled. As a result two components
are dipole allowed in o polarization.
The four eigenstates which couple with light are
E\,=5(E;+E,+8)+ A+t 5P, (8a)
Esy=+(E+E,+8)+A4+t50 . (8b)
The corresponding eigenfunctions are
< © o [1)=a;|Xy+B1]2,17), (9a)
|2) =0, | X)+B,12,1%) , (9b)
|3Y=a3| Y)+B;5|2,17), (9c)
[4)=a4| Y)+B4]|2,17), (9d)
where
o o (= 2 1
ar=75{14+[—(2¢+8)—(E,—E,)/2]/P} , (10a)
3=+ {1+4[+(e+8)—(E; —E;)/21/Q} , (10b)

Bi=1—aj, o;1=—Bj Bjmi=a; (j=13), (10c)
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with < 1 == -
o, X=0 bar —> e
P=[4€*—4€8+ 82+ (E;—E;)*+ (2 —8)(E; — E;,) ]2, Eo.s _\a\g \x 20bar
] a3
(11a) E _ N )
0.6 | <
—[4€+2€8+ 5+ (B — Ey 2+ (26 —8)(Ey — Ey,)]/2. g N
(11b) S04 | LT T~
8 // aj ==
For a given component the oscillator strength depends - O A
on the value of B; 47r[30a] (j =1—4), where 473, is the o0.2 //
interband oscﬂlator strength which is related to the S o8 o
e o < _- ]
longitudinal-transverse splitting at & =0. © 0 . : 1
0 0.001 0.002 0.003  .0.004

Figures 3 and 4 give the exciton dispersion curves and
the corresponding ratio of oscillator strengths at X =0
and 20 bars. The parameters used in the calculation cor-
respond to the best fit obtained in Sec. IV. The photon
dispersion curve is plotted as a Vertlcal line in Fig. 3.
Clearly, Fig. 4 shows that, for X540, a3~1 and ai~0,
only the d-like component is dipole allowed in 7 polariza-
tion. Since we know the exciton dispersion curves, let us
now concentrate on the exciton-polariton modes.

B. Polariton and reflectivity spectra

In the material, the exciton-photon interaction gives
rise to new normal modes of the system, the so-called ex-
citonic polaritons which result from the admixture of ex-
citonlike and photonlike states. From the exciton disper-
sion curve and the corresponding oscillator strengths, we
calculate the polariton dispersion curve by the usual tech-
nique:"*

ee+2

As shown by Eq. (9), there are two exciton dispersion
branches made from the | X) dipole-allowed component,
labeled | 1) and |2), and two branches made from the
| Y) state labeled |3) and [4). Of course, only | 1) and
| 2) excitons couple with 7-polarized photons, while | 3)
and |4) excitons couple with o-polarized photons, so that

47B;(k)wj(k)
2(k) © —tml"

(12)

1419.0

1418.8

ENERGY (meV)

1418.6

1418-4 - 1 1 1 1
0.001 0.002 0.003 0.004

WAVE VECTOR k (A"
FIG. 3. Exciton dispersion curves at zero stress (dashed line)

and under 20 bars [100] uniaxial stress (solid lines). The param-
eters used in the calculation are those giving the best fit in Sec.
IV. Also shown is the photon dispersion curve (dashed-dotted
line).

WAVE VECTOR k(&™)
FIG. 4. k dependence of the relative oscillator strength at
zero stress (dashed lines) and at X=20 bars (solid lines). Clear-
ly, a? appears to be very small for the latter.

for each polarization, we deal with two exciton dispersion
branches coupled with light. In this case Eq. (12) can be
written as

4mBoay(k, X)ew}(k,X)
a)?(k,X)—a)z—ia)I‘j

47TBOa]2'+1(k’X)w]2'+1(k,X)

0741k, X)— 0’ —iol;

) (13)

where j =1 and 3 for 7 and o polarization, respectively.
€,, is the background dielectric constant, w; =E;(k,X)/#
are the eigenvalues given by Eq. (8), I'; is a real positive
damping constant, and a; are given by Eq. (10); 47p, is
the full oscillator strength. w;(k,X) and w;(k,X) in the
numerator of each term will be approximated by wq since
the variation of these terms are small with respect to that
of a;(k,X). '

The transverse solutions for €(w, k,X) are determined by
identification with the photon dispersion curve:

27,2
nrme= K (14

1)
which, entered in Eq. (13), leads to the

frequency—versus—wave-vector polariton dispersion rela-
tion. For a given o this equation is cubic in k2 and leads
to three transverse solutions which can propagate into the

.material. They correspond to the three polariton disper-

sion branches and, of course, to the three different indices
of refraction.

Now Eq. (14) gives k as a function of n and w. Substi-
tuting in Eq. (13) we obtain an equation cubic in nX(w).
By using E;, E; ), a;, and ;. given by Egs. (8) and
(10), a numerical calculation of this equation gives three
solutions, n(w,X), n,(w,X), and n3(w,X), corresponding
to the three transverse modes already discussed.

Once we know the three indices of refraction, we can
compute the theoretical reflection curve. However, there
are two other problems, which need discussion: first, the
additional boundary conditions (ABC’s) and second, the
surface effects.

Suppose that a plane monochromatic wave, with elec-
tric field E;, is incident on the semiconductor surface
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from vacuum, and let Ei be the electric field of the re-
flected wave and E,, E,, E; the electric field of the
transmitted waves. The usual Maxwell boundary condi-
tions!® express the conservation of the tangential com-
ponent of E and the normal component of D:

E;+Eg=E|+E;+E;3,
E;—Egp=nE\+nyE,+n3E; .

(15a)
(15b)

In the classical case, with only one mode of propagation
in the medium, Eg /E; can be calculated from these con-
ditions. However, we deal with three modes of propaga-
tion, and these conditions do not determine unambiguous-
ly the reflected and transmitted fields from the knowledge
of the incident field. Additional boundary conditions are
needed. Many workers discussed the ABC’s under vari-
ous physical considerations.!® The different ABC’s are re-
ferred to as ABC1, ABC2, and ABC3. The most com-
monly used, ABCI, are due to Pekar (Ref. 17) and require
that the total exciton polarization should vanish at the
boundary; ABC2 (Ref. 18) require that the normal com-
ponent of the derivative of the polarization should vanish
and ABC3 (Ref. 19) generalize ABC1 and ABC2. We
used ABC1. Now each of the three modes which propa-
gate in the medium contribute partially to the polariza-
tion. Returning to the dielectric constant, we can write
each contribution as

aow(z)a,z( ny)

ellw)= , (16)

-wjz-(n,)—a)z—-il"ja)
where j=1—4 refers to resonance frequencies and /=1,2,3
refers to the mode of propagation. -wf(m)_ and af-(n,) are
determined by Egs. (8) and (10), in which k is replaced by
wn; /c per each mode of propagation. We obtain the re-
sulting polarization of the medium,

Pi(w)= 3, e(0)E;(w) . 17
7

Then, for the two exciton branches, ABC1 can be writ-
ten as

G{El +€£E2 +€§E3 =0,
{V'E\+eTE, +efTE; =0,

(18a)
(18b)

where j =1 for 7 polarization and 3 for o polarization.

In connection with the additional boundary conditions
we must include the effects of a surface layer of the crys-
tal where the exciton does not contribute to the dielectric
function. This exciton-free layer is the so-called “dead
layer.” Again, the problem of the physical behavior of an
exciton near the surface has been investigated by various
authors.'>2°=27 For the origin of the dead layer Hopfield
and Thomas'> (HT) first proposed the presence of an
image-force barrier that originates from the repulsive in-
teraction of the exciton with its electrical image when the
exciton approaches the surface. At the boundary the
repulsive potential is infinite and, deeper into the crystal,
one should have a gradual change in the exciton parame-
ter (energy and damping parameters) toward the bulk con-
ditions. Since this inhomogeneous region near the surface
is difficult to deal with, HT replace it with an homogene-
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ous dead layer. This model essentially corresponds to a
rectangular exciton-free layer with an abrupt change of
the damping parameter. This model was further refined
by introducing for the exciton a depth-dependent damp-
ing?* or eigenenergies,” or both.2® However, a conclusive
description of an exciton approaching the surface is still
an open question, since, in addition to these intrinsic ori-
gins, there may be extrinsic ones due, for instance, to sur-
face space charges.?’ In fact, all results obtained with the
refined model given above clearly show that for large-
sized Wannier excitons the homogeneous dead layer first
proposed by HT applies to a very good approximation by
taking a depth d of about twice the exciton Bohr radius
d~2a,. We used this approximation with ABC1 applied
at the depth d from the surface. This correlates to a
three-layer model with the vacuum characterized by the
refractive index n =1, the dead layer characterized by
no=1v"€,, where €_ is the background dielectric constant
and, at the depth d~2a,, the bulk characterized by the
three indices of refraction n,n,,n; already discussed (see
Fig. 5).

The reflection coefficients at interfaces 1-2 (surface)
and 2-3 are given, respectively, by

rn=01—e/Y /(147 , (19a)
rs=(2—€') /(e!/*+€'7?) . (19b)

Taking account of the multiple reflections in the dead
layer the resulting reflection coefficient is given by
2i0
yofutrse® o0
147 e
with 8=2xd /A,,, where A,, is the wavelength in the dead
layer, A, =k/eg2.

Now, in order to obtain the coefficient r,3=Eg/E;, we
apply Maxwell’s boundary conditions and ABCI1 at the in-
terface 2-3. Let y;=E; /E; (j=1,2,3) and Egs. (15) and
(18) be written as

Yi+va+vi—ra=1, (21a)
nyi+naYa+n3ystnorn=1, (21b)
€ly1+ebyr+ely;=0, (21c)
v+t et lys=0, (214d)

where 6} are given by Eq. (16), and j =1 for 7 polariza-
tion and 3 for o polarization. Equations (21) give

E; E,

Er ER

@ & ®

L 1

-d 0
FIG. 5. Schematic picture of the three-layer model.
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Mo —Meff
Fpyg==m—"7"—, n=| n=2 n=3
1o+ ey 1 i 1
where n.g is an effective index of refraction given by 030k
n1€23+ 12631+ N3€)
Refr =
€12+ €3+ €3 028}
with
en=I[e,, e =€ el T —efeit! . w026
o
III. EXPERIMENTAL TECHNIQUES '_5_
All experimental reflectivity spectra have been taken on e
very-high-purity [001] epitaxial layers of InP grown by 50-24 B
vapor-phase epitaxy. We used a conventional PCl;-In-InP [
process.?® In this process the primary chemical reagents
are hydrogen and phosphorous trichloride. The second 022
reagent is indium metal. All reagents were used as ob-
tained from the manufacturers and no further purification
was attempted, except for hydrogen, which was purified 0.20 -
by palladium diffusion units. The temperature achieved InP (A)
in the reaction tube was about 750°C and that in the depo- 1.6K
sition zone was 650°C. All substrates were single-crystal 018
slices of InP mechanically polished in a 4% bromine- L i L L L L L L
1416 1418 142 1422 1424

methanol solution. The typical layer thickness was about
10 um.

We have investigated a series of ten different samples
which all give similar results. From one sample to the
other the main difference in optical spectra comes from
the resolution of excitonic features associated with the
n =2 excited state. This was better achieved with sample
A (KV 296 in the nomenclature of Ref. 28), whose carrier
concentration and electron mobility at liquid-nitrogen
temperature were 8.6X 10 cm~—?* and 70000 cm?/Vs,
respectively. Sample B (KV 322), for instance, whose mo-
bility is higher and whose carrier concentration is lower
(87000 cm?/Vs and 2.8 10'3 at 77 K, respectively) did
not exhibit better-resolved features.

The uniaxial-stress experiments use a conventional
stressing apparatus already described.'* A lever arm
lowers a stainless-steel rod which transmits the force to
the sample chamber. The samples were obtained from the
[001] epitaxial layer by cutting small rods along a [100]
direction. After carefully polishing the narrow [100] pres-
sure faces, this resulted in small parallelepipeds which
were mounted between two optically flat pistons. A
piezoelectric quartz transducer, positioned just below the
sample, controlled the strength. Typical sample dimen-
sions were 0.35X 1 8 mm?, and the whole apparatus was
designed to work in a pumped-liquid-helium bath.

The experimental configuration is given in Fig. 2. The
photon wave vector k and the stress direction X were
parallel to the [001] and [100] crystallographic axes,
respectively. Both 7 and o polarizations with respect to
the stress direction were used. No important difference
could be observed between spectra obtained on as-grown
surfaces and after the sample had been chemically pol-
ished in a dilute solution of bromine in methanol.

IV. EXPERIMENTAL RESULTS

A typical reflectivity spectrum obtained at zero stress
on our best sample is shown in Fig. 6. Clearly, we resolve

ENERGY(meV)
FIG. 6. Reflectivity spectrum obtained at pumped-liquid-
helium temperature, without uniaxial stress (sample A).

three structures associated with the ground state and the
two first excited excitonic states. From the difference be-
tween the energy minima we could deduce a crude esti-
mate of the exciton binding energy. However, as dis-
cussed in Sec. II, the energy minima E,,; of the reflec-
tance curve do not correspond exactly to the transverse-
exciton energies Eti, E1,, and E1;. Moreover, the ener-
gy difference E,,;-Et; depends on the oscillator strength,
the damping parameter, and the dead-layer depth, all of
which vary from the #» =1 ground state to the n =2 or 3
excited states. Only a theoretical fit of the experimental
spectra will permit one to obtain an accurate determina-
tion of the exciton binding energy.

This is done in Fig. 7, where we display for comparison
the experimental and calculated reflectivity spectra in the
vicinity of the 1s and 2s exciton resonances. Please note
that a theoretical fit on the 3s excited stated is not signifi-
cant. In this case, on account of the weakness of the os-
cillator strength, the structure is very small and the ener-
gies E,,3, E13;, and E;3 are very close. Their determina-
tion does not need a fit: Er;,= E;3=E,, 3, within the ex-
perimental error. The calculated curve is obtained from
the theory given in Sec. II. Among the different parame-
ters used in the calculation, most were taken from experi-
mental data and are listed in Table I. We have only ad-
justed the dead-layer thickness. For the 2s excited state
the oscillator strength is the eighth of the ground state
and we have used a,=ay/8.

The damping constant and the dead-layer depth have
been taken as I'y=0.2 meV and d, =360 A, respectively.
For each state, the longitudinal exciton energy Ej is de-
fined as the energy of the polariton at k=0, where the
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035 nick and Dean?! from luminescence measurements (5

ET, ‘E'-z meV). Within experimental uncertainty, all values appear

0.30 ,_..__\__{/____ in satisfactory agreement. On the contrary, concerning

the fine structure of excitons and because of the very

w small effects that one expects, only significant results can
(5] . .

Z025 be obtained from a perturbative approach performed on

5 very-high-quality crystals. This was the main goal of our

‘.“'”.._ work.

E_,o.zo Before discussing the parameters listed in Table I, let us

:'2:((3) present our results concerning the stress dependence of the

015 ’ reflectivity spectrum associated with the 1s ground state.

1 1
1419.0 1422.0 142‘3-0
ENERGY (meV)
FIG. 7. Comparison of reflectivity spectrum (solid line) with
a theoretical line-shape fit (dashed line) using the model given in

Sec. IT and the parameters given in Table I (sample B).

1
1418.0

transverse upper polariton branch is degenerate with the
longitudinal exciton. On the other hand, the transverse
exciton energy Et is defined as the energy of the k=0 ex-
citon in the limit of zero exciton-photon interaction.
These parameters are obtained by the usual relations
- € Hwp)=0 and elw;)=0; the values calculated with the
parameters given in Table I are Ey=1418.50%+0.05 meV
and Ey =1418.67+0.07 meV for the 1s ground state and
E1,=1422.30 + 0.05 meV and E;, 1422.324+0.07 meV
for the 2s excited state. They are plotted in Fig. 7. We
deduce the longitudinal-transverse splitting E;r=0.17
+0.02 meV and E;1,=0.02+0.02 meV. Owing to the
small oscillator strength of the 2s excited state, Ejr, is
very small and the corresponding reflectance minimum is
very close to the exciton-transverse energy. From the
exciton-transverse energies we deduce an accurate value
for the exciton binding energy, E=+(Er,—Er). We
obtain

E.=5.1£0.1 meV .

This value is to be compared with the results obtained
by Bimberg et al?® from magnetoreflectance measure-
ments (5.39 meV), by d’Andrea and Del Sole*® from re-
flectance measurements (5.6 and 4.9 meV), and by Skol-

TABLE 1. Best-fit parameters obtained for the 1s ground
state and 2s excited state.

Parameter 1s 2s
Oscillator strength? ag 3x 103 3/8x1073
Effective masses® m, 0.08m,

- 5.15
72 0.94
73 1.62
Nondispersive
dielectric constant® € 12.36
Damping parameter r 0.06 meV 0.2 meV
Depth of the dead layer d 180 A 360 A
Exchange energy e} 0.04 meV

“From experimental data of Ref. 35.
*From experimental data of Ref. 41.
“After Ref. 42.

Typical spectra obtained for [100] uniaxial compressions
are shown in Fig. 8 for o polarization. The solid lines
correspond to experimental results and the dashed lines
correspond to the calculated spectra. Figure 9 shows the
stress dependence of the energy minimum of the struc-
tures where solid and open circles correspond to ¢ and =
polarization, respectively. The solid lines' correspond to
the theoretical fit. Clearly, in the high-stress region we
observe two structures in ¢ polarization and only one
structure in 7 polarization. In 7 polarization (o polariza-
tion) the structures are associated with the exciton
branches |1) and |2) (|3) and |4)) [Egs. (9)], charac-
terized by the resonance energies E; and E, (E; and E,)
[Egs. (8)] and the oscillator strengths a? and a? (a3 and
a3) [Egs. 10)]. Owing to the fact that &, goes very rapidly
to zero with increasing stress [see Eq. 10(a) and Fig. 4],
the high-energy component in 7 polarization, |1), be-
comes dipole forbidden. In the low-stress region the situ-
ation is more complex because all the «; (i =1—4) are not
zero, but the splitting is very small and the structures are
not clearly resolved. The calculated curves displayed in

0.30 W X=222b
0.30 |-
=205b
0-30 I~ V'—‘\/—— X=158b
w30 |
2 W X=134b
f—o 30 -
3 . -\(/\/f—-—— X=92b
e
0.30 -
0.30 |
0.30 |-
X=0
0.20 |- inP (B) X {100]
1.6 K o POLARIZATION
1 1

1 1
1418 1419 1420 1421
ENERGY (meV)

FIG. 8. Stress-induced behavior of the o-polarization reflec-
tivity spectrum. The stress is applied along the [100] crystallo-
graphic direction and the light is incident along the [100] axis.
The solid lines correspond to experimental results. The dashed
lines correspond to the theoretical fit obtained with the model
given in Sec. II and the parameters given in Tables I and II.



4050

InP (B)
Xi[00]

LI K

1421

© =TT

1420

ENERGY (meV)

1419

1418 -

] 1 ] 1 1
0 50 100 150 200 250

STRESS(bar)
FIG. 9. Stress dependence of the energy minimum of the

structures. Solid circles and open circles correspond to o and 7
polarization, respectively. Solid lines correspond to theoretical
fits.

Figs. 8 and 9 have been obtained with the parameters
given in Table I and are discussed below. Only additional
parameters characteristic of the stress-induced change in
the band structure have been used. These new parameters
are given in Table II. The hydrostatic and shear deforma-
tion potentials have been measured by different au-
thors*>»%3 and vary between 6 and 11 eV for a, and be-
tween —1.5 and —3 eV for b. The best fit in Fig. 9 has
been obtained with the values quoted in Table II. In order
to obtain the best fit in Fig. 8, it was necessary to account
for the stress-induced broadening of the high-energy
structure. Let us introduce a parameter which measures
the strain inhomogeneity in the sample (u); we find
@ =23.0x10"7 eV/bar, while the energy shift of the struc-
ture is 9.3 10~% eV/bar. This corresponds to a stress in-
homogeneity of about 3%, which is not very important.

V. DISCUSSION

Before discﬁssing the values of the parameters used in
the theoretical fit, let us note that these values permit fit-
ting of the zero-stress reflectivity curve, the stress-induced
shift of the reflectivity minima, and the line shape of the
complete reflectivity spectra under various stress condi-
tions. The damping parameter I'=0.06 meV was ob-

TABLE II. Stress parameters.

Elastic compliance constant® S, 1.644> 10~* bar~!

Sz —0.594 % 10~ bar~!
544 2.174)(10_4 bar_l
Hydrostatic deformation a —9.3eV
potential a —93 eV
Shear deformation potential b —2.1eV
Broadening constant u 3X 1077 eV /bar

2After Ref. 32.
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tained experimentally from the very-well-resolved
luminescence spectra associated with the neutral-acceptor
(A°X) and neutral-donor (D°X) —exciton complexes (see
Fig. 4 of Ref. 5). These spectra and the corresponding
value of ' clearly show the good quality of the samples
used.

The polarizability parameter o, can be determined from
the measured absorption coefficient at the band gap. For
a nondegenerate hydrogenic exciton, the relation is3*

drag=4fice!/’Roa(E,) /TE}

where R, is the exciton binding energy and a(E,) is the
absorption coefficient at the band-gap energy. Using our
value for R, and, for a(E,), the value measured on the
curve given by Turner et al.,® alEg)~1.1X 10 em ™!, we
obtain 4may~2.6X 1073, The best fit has been obtained
with 47ap=3 1073,

The effective masses of the light and heavy excitons
have been calculated from Egs. (66) and (67) of Ref. 11, as
a function of the electron effective-mass and the Luttinger
valence-band parameters. For the electron mass we
have taken the value given by Chamberlain et al.,>®
m,=0.08m,. Concerning the Luttinger parameters, there
exists in the literature a great deal of calculated®”—3° and
experimental**~* values. Surprisingly, we find that the
values proposed by Bimberg et al.*? did not permit a good
fit. The best fit was obtained using the values proposed
by Rochon et al.:*! y;=5.15, y,=0.94, and y;=1.62.

The dead layer has been chosen as an adjustable param-
eter, but its value is directly related to the Bohr radius of
the exciton. The best fit has been obtained with d=180
A; on the other hand, the calculated value of the exciton
Bohr radius is of the order of 100 A, and, consequently,
the good fit is obtained with d~2a,. This result is in
agreement with all the existing theories; moreover, it
clearly shows the intrinsic nature of the exciton-free layer
in our samples.

Lastly, concerning the exchange energy 8, we obtain
5=0.04+0.02 meV. Now, from Egs. (8), it is straightfor-
ward to show that, at high stress, the energy difference be-
tween E, and E, (the low-energy components allowed in
o and 7 polarization, respectively) tends to a constant
value given by 48/3. This is not the energy difference
measured on the reflectivity minima given in Fig. 9 (0.11
meV). Consequently, associating the reflectivity minima
with E, and E,, we would obtain §=0.08 meV. This
value corresponds to the value, 0.07 meV, proposed by
Weber et al.’® from the energy shift of the minima of the
reflection curve. This assignment is not exact because E,
and E, correspond to transverse exciton energies and not
to the minima of the reflection curve. Only a complete fit
permits the deduction of 8 from the stress dependence of
the reflectivity curve. This results from the fact that the
difference between the resonance energy and the reflec-
tance minimum is not the same in o and 7 polarization
because the oscillator strengths are different. Now, as dis-
cussed in Sec. II, for Wannier excitons, 8 corresponds al-
most exactly to the short-range contribution of the ex-
change energy A. Therefore, with a good approximation
we can propose A=0.04+0.02 meV. This value agrees
with the one proposed by Ekart et al.** from polariton
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spectra in an intermediate magnetic field. Concerning
E; 1, only Ekart et al. have proposed an upper limit of
about 0.1 meV. No other value is available for compar-
ison.

VI. CONCLUSION

We have investigated the fine structure of the direct ex-
citon in InP. At pumped-liquid-helium temperature,
measuring the reflectivity spectrum at normal incidence,
we have obtained three structures associated with the 1s
ground state and 2s and 3s excited states of the exciton.
From a careful analysis of the line shape, we deduce an

accurate value of the exciton ionization energy,
E. =5.110.1 meV. The structure associated with the 1s
ground state is analyzed in terms of the three-branch po-
lariton dispersion curve both at zero stress and under
[100] uniaxial compression. We have used the model for
the homogeneous dead layer and the additional boundary
conditions proposed by Pekar (ABC1). We obtain a very
good agreement between theory and experiment with a
dead-layer depth of about twice the exciton Bohr radius.
We deduce the exchange energy A=0.04+0.02 meV and
the longitudinal-transverse splitting E;1=0.17+0.02
meV.

1For a recent review, see P. J. Dean and D. G. Herbert, in Exci-
tons, edited by K. Cho (Springer, New York, 1979), p. 65.

2H. Mathieu, B. Archilla, P. Merle, and J. Camassel, Phys. Rev.
B 20, 4268 (1979).

3H. Mathieu, L. Bayo, J. Camassel, and P. Merle, Phys. Rev. B
22, 4834 (1980).

4H. Mathieu, P. Merle, L. Bayo, and J. Camassel, Phys. Rev. B
22, 4710 (1980).

5SH. Mathieu, J. Camassel, and F. Benchekroun, Phys. Rev. B
29, 3438 (1984).

6C. Weber and W. Ruhle, Phys. Status Solidi B 92 425 (1979).

7J. Lagois, Phys. Rev. B 16, 1699 (1977).

8T. Skettrup and 1. Balslev, Phys. Status Solidi 40, 93 (1970).

9R. S. Knox, Theory of Excitons, Suppl. 5 of Solid State Physics,
edited by F. Seitz and D. Turnbull (Academic, New York,
1963).

10R, Bonneville and G. Fishman, Phys. Rev. B 22, 2008 (1980).

11E, O. Kane, Phys. Rev. B 11, 3850 (1975).

12M. Altarelli and N. O. Lipari, Phys. Rev. B 15, 4898 (1977).

13B. Sermage and G. Fishman, Phys. Rev. B 23, 5107 (1981).

143, Altier, J. Camassel, and H. Mathieu, in Proceedings of the
International Conference on Measurement and Control:
MECO, Zurich, 1977, edited by M. H. Hanza (Acta, Zurich,
1977), p. 65.

153, J. Hopfield and D. G. Thomas, Phys. Rev. 132, 563 (1963).

16See, for instance, J. S. Nkoma, J. Phys. C 16, 3713 (1983), and
references therein.

17S. 1. Pekar, Zh. Eksp. Teor. Fiz. 33, 1022 (1958) [Sov.
Phys.—JETP 6, 785 (1958)].

18T, Skettrup, Phys. Status Solidi 60, 695 (1973).

193, Biellmann, M. Grossman, and S. Nikitine, in Polaritons,
edited by E. Burstein and F. de Martini (Pergamon, Oxford,
1974), p. 183.

20G. S. Agarwal, D. N. Pattanayak, and E. Wolf, Phys. Rev.
Lett. 27, 1022 (1971).

21T. Skettrup and I. Balslev, Phys. Rev. B 3, 1457 (1971).

227, J. Sein, J. Opt. Soc. Am. 62, 1037 (1972).

23F. Evangelisti, A. Frova, and F. Patella, Phys. Rev. B 10,

4253 (1974).

24W. Ekart, K. Losch, and D. Bimberg, Phys. Rev. B 20, 3303
(1979); J. Lagois, E. Wagner, W. Bendan, and K. Losch,
Phys. Rev. B 18, 4325 (1978).

258. Satpathy, Phys. Rev. B 28, (1983).

26, Lagois, Phys. Rev. B 23, 5511 (1981).

27L. Schulteis and 1. Balslev, Phys. Rev. B 28, 2292 (1983).

28K. Fairhurst, D. Lee, D. S. Robertson, H. T. Parfitt, and W.
H. E. Wilgoss, J. Mater. Sci. 16, 1013 (1981).

29D. Bimberg, K. Hess, N. O. Lipari, J. U. Fischback, and M.
Altarelli, Physica 89B, 139 (1977).

30A. d’Andrea and R. Del Sole, Phys. Rev. B 25, 3714 (1982).

3IM. S. Skolnick and P. J. Dean, J. Phys. C 15, 5863 (1982).

32J. Camassel, P. Merle, L. Bayo, and H. Mathieu, Phys. Rev. B
22, 2020 (1980).

33G. Weber and W. Ruhle, Phys. Status Solidi B 92, 425 (1979).

34D. D. Sell, S. E. Skakouski, R. Dingle, and J. V. Dilorenzo,
Phys. Rev. B 7, 4568 (1973).

35W. J. Turner, W. E. Reese, and G. D. Petit, Phys. Rev. 136,
A 1467 (1964). .

36y, M. Chamberlain, P. E. Simmonds, R. A. Stradling, and G.
L. Bradley, in Proceedings of the 11th International Confer-
ence on the Physics of Semiconductors, Warsaw, 1972 (un-
published), p. 1016.

37M. Cardona, J. Phys. Chem. Solids 24, 1543 (1963).

38R. L. Bowers, and G. D. Mahan, Phys. Rev. 185, 1073 (1969).

39P. Lawaetz, Phys. Rev. B 4, 3460 (1971).

403, Leotin, R. Barbaste, S. Askenazy, M. S. Skolnick, R. A.
Stradling, and J. Tuchendler, Solid State Commun. 15, 693
(1974).

4IR. Rochon and E. Fortin, Phys. Rev. B 12, 5803 (1975).

42D, Bimberg, K. Hess, N. O. Lipari, J. U. Fischback, and M.
Altarelli, Physica 81B, 139 (1977).

43W. Ekart, K. Losch, and D. Bimberg, Verh. Dtsh. Phys. Ges.
12, 46 (1977). _

44w, Ekart, K. Losch, and D. Bimberg, Phys. Rev. B 20, 3303
(1979).



