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Above-barrier states in In,Ga; _,As/GaAs multiple quantum wells with a thin cap layer
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The effective-mass approximation in a transfer-matrix formalism is used to investigate above-barrier states
in strained InGa, _,As/GaAs multiple quantum well?MQW'’s). A condition for finding above-barrier states,
semiconfined by a finite cap layer, is formulated. In the derivation of the transfer matrices, boundary conditions
that include the discontinuity of the lattice constant in the growth direction are used. In a series of
In,Ga, _,As/GaAs MQW'’s(4—6 periodsx=0.1, with the topmost barrier used as a e energies of the
light-hole and heavy-hole excitonic peaks, involving both above-barrier and confined states, are observed by
photoluminescence excitation spectroscdPyE) and polarized PLE. The experimental values are in very
good agreement with the calculated ones, for transitions involving above-barrier as well as confined states,
supporting the validity of our calculationsS0163-18208)11331-Q

. INTRODUCTION Kane’s completé-p model to calculate the confined energy
levels, also in good agreement with experiment.
Above-barrier states in semiconductor multiple quantum  Calculation of above-barrier states in strained MQW
wells (MQW's) and superlattice¢SL's) have received in-  structures with few periods and a finite cap layer width has,
Creasing attention in the last decédé4 Optical transitions to our know|edge, not been performed yet. We therefore de-
involving above-barrier states in GaAs/ALGaAs Were yelop in this paper a transfer-matrix formulation of the en-
first studied by Zuckeet al. using resonant Raman scatter- ye|ope wave-function approximation to calculate envelope
ing (RRS and by Bastarcet al” using photoluminescence fynctions and energy levels for confined and above-barrier
excitation spectroscop§PLE). The first observations of un- (semiconfinel electronic states in Ga_,As/GaAs
—X

confir:e((jj febaturle)s in tthle JG%*;QA?/G%AS S%Ste_m V\éﬁre MQW'’s. The transfer-matrix formalism has been used by
rzeporg S /é ?;‘ esa. 'tn be ‘Zh a?_ Rmf 11e several groupsgsee, for example, Refs. 18 and)16 inves-
n,_xCd.Se/Zn_ Mn,Se system by Zhanet al.in Ref. 11. ti&ate confined states in quantum structures, and has proven

The latter used magnetoabsorption measurements to det S Jive 0ood agreement between theorv and experiments. but
the above-barrier states, and they found that the above: give g 9 y P !

barrier excitons were localized in the barrier regions. Excitor{[t hafs not tygt betean dapplled to f\'bove-llqarrétlar fstates.f'Thde
confinement in the barriers was found forGg, _,As/GaAs ranster-matrix metnod we present 1S applicable for confine

MQW's by Martelli et al'? and Capizziet al 13 and above-barri_er states in a Ia_rge variety of sample struc_-
Transitions involving above-barrier states have beerfU'®s: that may incorporate strain. We also show the sensi-
treated theoretically by means of a pseudopotential metholVity Of the above-barrier states to sample parameters, such
by Wonget al.? a two-band tight-binding model in Refs. 4 as layer widths, well depths, number of periods, and the
and 5 and an envelope function model in Refs. 2 and 7—1deight of the vacuum potential.
It has been shown that the intensity of the transition between Furthermore we have performed PLE measurements on a
the first unconfined conduction- and valence-band states déeries of samples with various well and barrier widths deter-
pends on the barrier widthand that the unconfined states mined, together with the indium content, using x-ray diffrac-
shift to lower energies as the barrier width increds¥s>®  tion. To distinguish between transitions involving light holes
Recently Wenet al** presented a theory for above-barrier and heavy holes we performed polarized PLE on some of the
excitons in semiconductor SL’s, accounting for the valencesamples. We also calculated the overlap integral for the elec-
band mixing, excitonic effects, and Fano resonances. Thigon and hole envelope functions to aid the interpretation of
theory does not include strain, and is therefore not directlthe PLE spectra.
applicable for InGa, _,As/GaAs structures. Strain has been  Section Il presents the transfer-matrix formalism adapted
included in the numerical solutions of the compldtep  to our sample structures. The samples and experiments are
Hamiltonian for confined states in SL’s by Jogai and *Yu. described in Sec. lIl. The experimental and theoretical results
Although they obtain good agreement with the measureare presented in Secs. IV and V, respectively. Section VI
ments of a series of Yoa_,As/GaAs MQW’s, such contains the discussion and finally Sec. VIl summarizes and
MQW'’s with few periods(2—20 cannot be treated as SL’s concludes the work. The Appendix contains the details of the
since periodic boundary conditions cannot be assumed in thiderivation of the transfer matrices and the procedure to ob-
case. Other groups®!®1"have used simplified versions of tain the energy levels in a MQW.
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by e '“! to really propagaté.They can be treated as the
components of the amplitude vector of layer

Capping
N uf
..-_I—I_--_I_l____ Uj: UL . (22)
Ui ]
4—
, k; is defined as
ZN z
V2-mf(V,—E
® kj=—'é =B 2.3
Uf=1
Us=r LR:L where m}c andV; are the effective masd§rom here on we
—I_l—“—l_,_“r drop the asterisK to simplify the notationand the potential
T in the layerj, respectively, andcE is the particle’s energy
2, =0 z, 2, Zy - measured from the bottom of the well. The well layers are
defined to havevj=0 and for the barriers/;=Vg. If a
E ) v charge carrier in layej has energy larger than the potential
vl us= acuum V;, thenk; is imaginary and the charge carrier is propagat-
Uim > Capl L: ing (in layerj). If E is smaller tharV; thenk; is real and the
«—L . . Puiint particle is exponentially damped in layerlf E is larger than
0 | | | | the largesV;, the particle is propagating in the whole of the
' L ' structure: it is unconfined.
z,=0 Zj % 2y z The standard BenDaniel-Duke boundary conditiogs=(

continuous and (i) (d«/dz)=continuoug can be applied

FIG. 1. Potential profildthick line) of a typical sample structure by defining a state vector

with infinite [(a) and (b)] and finite(c) cap-layer width. The struc-
ture in (a) and (b) hasN+1 layers including buffer and capping,
and in(c) N+1 layers including buffer, capping, and vacuu.is 1,01-(2)

the potential in layerj and all energies are measured from the xj(2)= 1 d . (2.9
bottom of the wells, wher®¥=0. Also shown in the figuréarrows o d—zl//,-(Z)

with closed headsare the components of the envelope wave func- !

tions in the zeroth and thWth layers for confineda), unconfined

(b), and semiconfined above-barrie) states Then the condition for smooth joining at the interface;at

between the layerg andj+1 has the form

Il. THEORY
A Method Xi(Zj+ )= Xj+1(Zj+1)- (2.9
The transfer-matrix formalisffl is not new in quantum Einevoll and Sham show in Ref. 22 that for strained het-
mechanics and has been used to solve the one-dimensior&bstructures, i.e., at interfaces between materials with dis-
Schralinger equation for quantum structures, see, for exsimilar band-edge Bloch functions, the boundary conditions
ample, Refs. 18 and 19. We apply the transfer-matrix formalfor conduction-band envelope functions are different from
ism to a one-band envelope function approximation. Differ-the BenDaniel-Duke conditions. The lattice constant enters
ent notations and definitions of the transfer matrices used bthe boundary conditions when the Bloch functions are as-
different groups lead to the necessity of explicitly writing out sumed to have a node at the matching paifiéthe Bloch
the definitions and notations used in this paper. The details ifunctions have maxima at the matching points the
the derivation and the use of the transfer matrices are giveBenDaniel-Duke boundary conditions are applicable, which
in the Appendix. is the case for the valence-band envelope functions within a
single-band model.
Burt?® has also paid attention to the envelope functions for
The electrostatic potential profile of a typical MQW struc- non-lattice-matched myltilayer systems, but with a different
ture is shown in Fig. (). In realistic samples the cap layer is apprc_)ach. He uses h|_s exact_formula_tlon of the_ envelope
of finite width and a potential profile such as the one in Fig.function method, but with a variabl(z) instead ofz in the
1(c) should be used. For a piecewise constant potential wit§rowth direction, so that in the coordinatesy,¢) the unit

finite steps, the envelope wave funcfiof a carrier can be cells of the strained multilayer lie on a Bravais lattice with a
expressed 'as uniform period throughout. Therefore the boundary condi-

tions that Burt deduces from his envelope function equations
are the same for strained systems using the varialded
unstrained systems usirg Burt’s boundary conditions do
Here UjR and UjL are the amplitudes of the right and left not explicitly include the lattice constant.

“propagating” components, respectively[The time- From Einevoll's boundary conditions we define two dif-
independent wave functios in Eq. (2.1) must be multiplied ferent state vectors for laygr For holes we define

1. Definitions

y;=URexk; (z—z)]+Ujexd —kj(z—z)]. (2.1)
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lﬁj(Z) T TABLE |. Sample parameters for the ,Ba_,As/GaAs
’ MQW's obtained by RHEED and HRXRD measurements. The well
X (2)= i ilﬂ'(z) (2.6 widths (L) and barrier widthsl(g) are in nm. All samples consist
m; dz" of four periods, except for 8 and 11 which have six periods in the

. . . MQW. Sample 11 has b:=80 nm thick capping and the rest of
and for electrons in the conduction band we define the samples have a capping of the same thickness as the barriers
1 - (Lc=Lg). Also listed is the value aok(xs;) obtained from a best fit
_lﬁj(Z) between theoryusing layer widths from the HRXRDand experi-
a_

]

c ment, and the energyn eV) of PL line for the MQW's at 10 K.
Xj(2)= ) 2.7

——z,bj(z) RHEED HRXRD Fit PL
J - Sample Ly Lg Xgreeo Lw Le  Xurxrp  Xiit 11H
whereg, is the lattice constant.

The amplitude vectoU; , , of layerj+1 is related to that
of layer j through the conditions for smooth joining, Eq.
(2.5. Consequently, the amplitude vector of layeris re-
lated to the amplitude vector of the zeroth layer by

15 40 0.095 153 427 0.100 0.106 1.409
15 20 0.095 146 20.6 0.104 0.113 1.403
15 10 0.095 148 105 0.099 0.105 1411
15 5 0.095 154 55 0.093 0.099 1.417
40 0.090 5.0 40.7 0.087 0.086 1.464
30 0.095 4.7 27.2 0120 0.123 1.442
40 0.095 4.7 36.4 0.100 0.113 1.449

5
Un=Tnn-1Tn-an-20 0 - T1o0Ue=T-Ug, (2.8 2
5 35 009 44 305 0.100 0.105 1.458
5
5
5

whereT is a 2X2 matrix, derived in the Appendix. I is
the last layer of the structur@, is the total transfer matrix of
the structure. Thus the amplitudes of the envelope wavg,
function of each layer in the structure can be obtained with-
out any preliminary assumptions about the number of layers
sinceT is obtained by a simple matrix multiplication.

2
3
4
5
6
7
8
9

50 0.095 45 451 0.095 0.098 1.461
60 0.095 52 634 0.08 0.082 1.468
35 0105 5.2 359 0.100 0.100 1.457

IIl. EXPERIMENTAL DETAILS

2. Infinitely thick cap layer A. Samples

For confined statesH<Vg) in a sample with infinitely All
thick capping we have the situation shown in Fi¢g)1The
confined eigenstates correspond to the zero&gfsee the
Appendix

samples investigated in this study are
In,Gg _,As/GaAs MQW'’s with four or six periods and a
nominal indium content of,,,,= 0.1. Buffer, wells, barriers,
and cap layer are all nominally undoped. All substratesare
Toy=0. (2.9 doped to (F4)x 10'® cm™3, except those for the,,~ 15
nm samples, which are semi-insulating. The sample param-

For the unconfined state&{Vg) in such sample structures eters listed in Table | were obtained using both reflection
the situation is as shown in Fig(Hd), where we assume that high-energy electron diffraction(RHEED) and high-
the last (\th) layer is infinitely wide. The energy levels for resolution x-ray diffractiofHRXRD) measurements.
the unconfined above-barrier states correspond to the ener- The HRXRD measurements were performed using a Phil-
gies giving maxima in the transmission coefficient of theips PW 1880 diffractometer using Ciia radiation and a
structure|t|?, wheret is given by(see the Appendix four-crystal Ge monochromator. The HRXRD spectra were
recorded for thg004) reflection and the measured rocking
curves were compared with simulated spectra to extract the
MQW period and indium content. We estimate an uncer-
tainty in the simulation results of 0.1 nm in the layer widths.
3. Finite cap layer The uncertainty is largest for the narrow well samples, be-
cause of the short period and weak HRXRD signal from
these samples. For most samples the indium content (0.08
=<Xyrp =0.12) was found to be close G,y

From Table | we see that the HRXRD values vary much

_ def(T)

t= : 2.1
i (2.10

If the last layer in the structurghe cap layeris of finite
thickness and terminated by a finite vacuum potefntigl in
Fig. 1(c)], we can still use th&y;=0 condition for the con-
fined states, with an additional matrix multiplication for the more than the RHEED values and that the valuesigh,

total transfer matrix due to the additional “vacuum layer.” : :
o | ._vary with the energy of the MQW photoluminescen(&t)
The above description for the above-barrier states, Wh'd]new(also listed in 'Iggble)las expectepd: for two MQW's with
now are semiconfined and not unconfined, needs to be modlﬂﬁe same well widtife.g., samples 6 and, the sample with
ﬁe.d for tr;e structure with finite capping. We define a COe‘c'lowest PL energy has {he highest indil’Jm content. The PL
ficient |p|* (see the Appendixwherep is given by line shifts withx together with the strained JG&, _,As band
de(T) gap. In the calculations we use the HRXRD values for the

pP=—— (2.11) layer widths and us& as a fitting parameter.
01

and the maxima of this coefficient correspond to the above- B. Experimental setup

barrier states in this case. The above-barrier states in our We used a conventional PLE setup with a tunable
structures are calculated using this coefficient. Schwartz Electro-Optics Ti:sapphire laser as excitation
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source, a SPEX 14018 double monochromator with 0.85-m
focal length and 1800 grooves/mm gratings, and a Peltier-
cell cooled RCA C31034 head-on GaAs photomultiplier tube
in a photon counting mode. The samples were cooled down
to 11 K using a Leybold ROK 10-300 closed-cycle cryostat,

GaAs FX

T
PL int. [arb.units]

80 95 110 125 140
to —E(11H) [meV]

where the samples were mounted with colloidal silver on the —
cold finger. The detector was normally set to the photon —
energy of the excitonic transition between the first electron (a)
and heavy-hole leve(11H) of the MQW when the PLE sample 4

spectra were recorded. The wavelength calibration of the la- —
ser excitation was checked with an Advantest TQ8325 wave-
length meter at the start of each PLE spectrum.

Polarized PLE was performed on some of the samples to
distinguish transitions involving light holes and heavy holes.
The samples were excited by light polarized parallel or nor-
mal to the sample surface. The excitation with normally po-
larized light was achieved by exciting the edge of the sample - sample 2
(90° angle of incidenge and luminescence escaping from
the same edge was collected and detected. In this case the
heavy-hole transitions are forbidden, and the PLE spectra
will be dominated by transitions involving light holes. We
also excited the sample with-polarized light at an angle of
incidence of 45°, where most of the light propagating in the
sample will be polarized parallel to the layers, but a small
fraction will be polarized normal to the layers. In this case, 1'40 : 1'43 . 1'46 . 1'49 . 11'52 : 1'55
compared to excitation along the nornf@l°), theintensity ' ’ Photon ener'gy’ £ [c\',] ’
of transitions involving light holes will be enhanced, relative
to the heavy-hole transitions. FIG. 2. PLE spectra for four different |Ga, _,As/GaAs
MQW'’s with the same well width.,= 15 nm, but different barrier
widths Lg=5.5 nm(a), 10.5 nm(b), 20.6 nm(c), and 42.7 nn(d).

For sample 2(c) the MQW ground-state Pldotted ling is also
A. PL and PLE spectra shown. The dashed line indicates the energy position of free exci-
tons in bulk GaAglabeled GaAs FX The spectra are normalized

, . with respect to the 11H intensity and are shifted vertically for clar-
In,Ga,_xAs/GaAs MQW's(samples 1-fat 11 K with the ity. The lines and the horizontal bars are calculated transition ener-

sgme nominal well widthl(,=~15 nm llaut.dlfferent barrier gies, and the length of the horizontal bar indicates (tngbroad-
widths (Lg=5 to 40 nm. The laser excitation was at normal eneq energy width of each transition. The peaks are labeled
incidence. The detector energy position when recording th@ccording to the calculations and the LH character of the corre-
PLE spectra was set on the low-energy side of the 11H Plsponding peaks has been confirmed by polarized PLE. In the insert

peak. The PL spectrum of one of the samples is shown agpectrab), (c), and(d) are shown, on an energy scale relative to the
well in Fig. 2, and the linewidth of the 11H PL peak was 11H PLE transition.

found to be~1 meV. We see from the figure that the dif-
ference in the energy position of the 11H peak in PL and In Fig. 3 we show high-resolution PLE spectra for ener-
PLE, the Stokes shift, is smalless than 1 me)/ which  gies around the GaAs FX energglashed ling for several
indicates low disorde? In this paper we will concentrate on samples with nominal well width.,=5 nm, but different
the PLE spectra only, and no PL spectra will be discussetiarrier widths {g=30—60 nm). The detector energy posi-
further?® tions for these PLE recordings were set to be on the energy
The PLE spectra show several peaks at energies both bef the 11H PL transition and the laser excitation energy was
low and above the GaAs free-exciton line at 1.5153 eVstepped with 70ueV (100 neV for sample 8 The angle
(dashed line labeled GaAs FX in the figur&he energy of incidence for the laser excitation was 45° for all spectra.
position of this peak is well known and can be used to checldll PLE spectra in Fig. 3 show a peak just above the GaAs
the laser calibration. When we adjust for the differences irbuffer exciton. The peak is asymmetric and has highest in-
the 11H PL peak position caused by small deviations in theéensity at the lower energies, in agreement with our results
potential profile, we see that most peaks are at the sam@resented in Ref. 26. We see from the figure that the above-
energy positions, i.e., the separation of most peaks and tHmarrier peaks for thé,,=5 nm MQW'’s also shift towards
11H peak is the same for all four samples. However, we alshigher energy with decreasing barrier width. We also see that
see that steplike features in the spectra at energies close ttee width of the peaks increases when the barrier widths
the GaAs FX shift to higher energy when the barrier widthdecrease. All the samples in Fig. 3 have a cap layer that is of
decreases. This is seen more clearly in the insert of Fig. the same width as the barriers in the MQW, except for the
where we have plotted three of the PLE spectra with thesample with Lg=35.9 nm [Fig. 3] which has a
energy scale adjusted so that the origin is the energy positiob-=80-nm-thick capping. In the PLE spectrum for this
of the 11H peak for each sample. sample we see an additional pe@hkdicated by the arrow

(b)

sample 3

PL intensity [arb. units]

IV. RESULTS FROM EXPERIMENTS

In Fig. 2 we show typical PLE spectra for four



PRB 58 ABOVE-BARRIER STATES IN InGa,_,As/Ga’s . . . 3981

In(|pl*)

T T | T |
|
|
|

' l (a)
H sample 10

(b)

sample 9

| ©

sample5

M

I
t
I
]
|
|
|
|

PL intensity [arbitrary units]

|
i
i
! 10 30 50 70 90 110 130
|
|
I
|
|
I
I

) E-Vy [meV]
lsample7
A FIG. 4. Logarithmic plot of the coefficientp|?> for a
l (Ing 1Ga As/GaAs) MQW calculated using three different sample

samp(lee)ll structures, withL\y=15 nm andLg=20 nm: Sample model with

I

|

: + infinitely thick capping (i), sample model with finite cap-layer
: sample 8 width but infinite vacuum potentiafii), and sample model with
|

|

|

|

|

|

® finite cap layer and vacuum barri¢iii). The dashed lingiv) is
l |sin(k,Lg)| for Lg=20 nm. The calculations in this paper are per-
_— formed using the sample structure with finite capping and finite
P BT |

GaAs FX

N vacuum barrier.

|
1.515 1.518 1.521 1.524
Photon energy [eV]

assume that the exciton binding energy for above-barrier

FIG. 3. PLE spectra for six samples withy,=5 nm, but differ-  state transitions is close to, but still larger than, the value for

ent barrier widthsl z=63.4 (a), 45.1(b), 40.7(c), 36.4(d), 35.9  excitons in bulk. In the calculation we used an exciton bind-
(e), and 30.5(f) nm. The dashed line indicates the energy positioning energy ofE.,.=5 meV for all transitions involving only

of free excitons in bulk GaAglabeled GaAs FX The horizontal  above-barrier states. The light-hole exciton binding energies

bars indicate calculated transition energies: the bar stanids at are taken to be 66% of the heavy-hole binding energies, from

the energy for transitions involving the firflasy subband level in  the differences in the reduced effective masises assume
the transition. The arrow with closed head points at transitions i“hydrogenlike bindiny

volving electrons and holes in the cap layer. The other arrows in-
dicate the transition energies that result from use of the constructive

interference condition.
V. RESULTS FROM CALCULATIONS

with closed head in Fig.)3between the GaAs FX and the In this section we show how the energy levels of above-
above-barrier peak shifting with barrier width. barrier states depend on the sample structure in general, as
well as the calculated transition energies and overlap inte-
grals for the particular kGa, _,As/GaAs MQW'’s that we

have investigated by PLE.
For the samples where the band-to-band 11H step in the

PLE spectra is clearly resolved we extract the exciton bind-

B. Exciton binding energies

ing energy as the energy difference between the excitonic A. General results
peak and the band-to-band step. For agGhy_,As/GaAs . ,
MQW (x=0.10) with well widthL\,=~15 nm (5 nm) and 1. Potential profile and band offset

Lg=40 nm barrier width we determine the heavy-hole exci- Due to the difference in lattice constant ofGe, _,As
ton binding energ¥.,.to be 6.5-1 meV (9=1 meV). This  and GaAs, the InGa; _,As layers in our samples will sus-
agrees well with what others have found through experimentain a biaxial compression. The main effects of this compres-
or calculation$”?® We assume that thegeonfined state  sive strain is that the overall band gap is increased, and that
exciton binding energies are correct also for the othethe degeneracy of the valence-band edge is lifted. These ef-
samples withx=x,,, and approximately the same well fects will show up in the electrostatic potential profile of the
width. MQW sample.

In our calculations we use the safg, . for all transitions The potential profiles of our samples were calculated us-
involving only confined states in the,,=15 nm samples. ing the absolute energy positions of the band edgaleen
For the parity forbidden transitions this will result in transi- from model-solid theoryin the two materials, with the strain
tion energies that are slightly too small, sirgg,.is reduced  induced shifts include®® We calculated well depths as a
when the overlap of the electron and hole wave functions igunction of indium content and found that light holes were
reduced. For the transitions involving carri¢gemjconfined  confined in the GaAs layergype Il) for x<0.17. From the
in different layers we assume that the exciton binding energyvell depths we calculated the conduction-band ofi@gt
is smaller than that for the confined states, due to the smalleand the parabolic fit to the calculat€l} gave the expression
overlap of the electron and hole wave functions. We alsdQ.=(64.9—9.6x— 1.6x%)%.
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@ In(jp) (C.) ln(|p|2)l . Number of periods 2
Ly=40nm -—4—
10
AN
15
20 FIG. 5. Logarithmic plot of the coefficient
30 |p|? for four different (Iny Ga,As/GaAs)
0 20 a0 - w0 100 10 140 \ ] ) . ) . 40 MQW’s with different barrier widthsl(g=5, 10,
E-¥s [mev] 80 90 100 Energy, E [meV] and 40 nm,L,=15 nm (a) and different well
widths (L, =5, 10, and 15 nml.g=20 nm (b).
® In(p) ﬂfl) @ In (c) we show|p|? for a MQW with increasing
Lw=5nm number of periods from top to bottonx€0.1,
- — Lg =15 nm, Ly=25 nm), and in (d) we plot
Tzl | T i g

f(E) for a superlattice with the same parameters.

80 90 100 Energy, E [meV] i > .
f(E) is defined in the text.
N IR TR N U E——
10 30 50 70 90 110 130
E-V, [meV]
2. Above-barrier states where g is a wave vectord=Ly+Lg is the superlattice

As explained in Sec. Il A3 we use the maxima of the Period, andky g are given by
coefficient|p|2, max(p|?) wherep is given in Eq.(2.11), to
determine the energy levels of the above-barrier states. In
Fig. 4 we showp|? for three different sample structures of a kw.g= V2My g(Vw g—E)/%i?
In,Ga _,As/GaAs MQW with four wells: a sample structure

with an infinitely thick cap laye(i), a structure with finite )
cap layer thickness, but infinitely high vacuum potential bar-for the well (W) and barrier(B) layers. The allowed energy

rier (i), and finally, the structure used in the rest of thisPands are those that give1<f(E)<1, and are indicated
paper: with finite cap layer width and finite vacuum barrierby the hatching in Fig. &l). Going back to thep| for
(iii ). Also shown in Fig. 4 igsin (k,Lg)| for Lg=20 nm[(iv), MQW'’s with increasing number of periods, we see that for
dashed ling Capizziet al® used the constructive interfer- N=30 the bandwidths of the MQW equal the superlattice
ence conditiorf sin (k,Lg) =0] to estimate the energy levels bandwidths, and the MQW can be treated as a superlattice.
for the above-barrier states and found that it yields too high
energies. Figure 4 shows that the peaks of the coeffipight
occur at lower energies than where diflg)=0, i.e.,
max(p|?) yield results closer to the experimental values than The inclusion of the lattice constant in the boundary con-
sin (k,Lg) =0. ditions for conduction-band states shifts the energy levels of

In Fig. 5 we show the calculated coefficielt|? for a  the confined states towards lower energies. For samples with
MQW with four wells and finite cap-layer width, for three low indium content and wide wells the difference in lattice
different barrien(@) or well (b) widths. We see from Fig.(8) constant is small, and the shift in energies is less than a
that the above-barrier states behave much in the same way #8gction of a meV, as shown in Table II. In the table we list
confined statestp|? shows bands consisting of four peaks transition energies calculat€dfor three different samples
(sublevely as a consequence of the existence of four equalvith parameters taken from Ref. 31, with the lattice constant
barriers in the structurgincluding the cap layer with ¢ included and not included in the boundary conditions in col-
=Lg). Wide barriers yield energy levels just above the topumns labeled respectively, A and B. We see from the table
of the barrier. In the same way the above-barrier bands of th#hat, in both cases, we get a very good agreement with ex-
MQW widen when the coupling between the barriers in-perimental values taken from Ref. 31, for transitions involv-
creases, as shown in Fig(l. ing both light holes and heavy holes, for 00%<0.26.

Figure 5c) shows how p|2 changes when the number of The choice of boundary conditions is therefore more im-
periodsN in the MQW increases. In each band there lre portant for samples with large indium contents=(20%)
peaks(if Lc=Lg), and we see that the bands widen with and narrow wells, where the shifts can be several rffeV.
increasingN. In Fig. 5d) we show, as a function of energy, Such a shift in the electron energy level will manifest itself
the right-hand sid¢f(E)] of the equation defining the al- in a reduced transition energy, and if the indium content is

3. Inclusion of g in the boundary conditions

lowed energies in a superlattice: used as a fitting parameter a slightly too large indium content
will result: for compositions around 0.3, for example, a shift
cogqd)=cogkyLy)cogkgLp) in transition energy of 5 meV towards lower energy corre-

sponds to dfitted) indium content that is 0.007 too high, if
sin(kyLy)sin(kglg), (5.1) the lattice constant is not included in the boundary conditions

1( sk
Kg (for a MQW with Lyy=3 nm andLg=50 nm.

2\ kyy
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TABLE Il. Transition energies for Ga_,As/GaAs MQW'’s withx<0.1 orx>0.2. We list measured
transition energie$Expt.) taken from Ref. 31 and our calculated transition ener¢ldsory) for the same
sample structures. The choice of exciton binding energies is explained in the text. Col@rsihows the
results we get when the lattice constanfissnoy included in the boundary conditions.

Lw/Lg/X 15/80/0.073 10/80/0.206 9/80/0.253

Transition Expt. Theory Expt. Theory Expt. Theory
A B A B A B

11H 1.4465 1.4465 14466 1.3234 1.323% 1.324% 1283 1.28% 1.2844

12H 1.4563 1.4558 14558 1.3496 1.3446 1.345%

13H 1.4698 1.4681 1.468%

22H 1.4857 1.4858 1.486¢ 1.4263 1.4219 1.422% 1.411 1.4028 1.4048

11L 1.4764 1.4755 1.4756 1.4025 1.401%2 1.402f 1379 1.3769 1.3783

¥ c=5.2 meV.

bE, =2.7 meV.
ZEeXC=4.3 meV.
Eexc—=1.8 meV.
:"Eexc=3.3 meV.
Ecxc=0.8 meV.

B.|4|? and transition energies for In,Ga; _,As/GaAs MQW's strained 1pGa,_,As band gap. The dependence on the in-
We present here results from calculations of transitiordium content is strongest for the transitions involving the
energies that are to be compared with those measured bgwest energy levels, and we see that the change in transition
PLE. We show two sets of results, for confined and aboveenergy for the transition involving only above-barrier states
barrier states. The former can be used to evaluate the agre2H) is very small. From Fig. 7 we see that the dependence
ment between theory and experiment in a wide energy rang@,f the barrier width is strongest for the transitions involving

and thereby support, or not, our calculational method for thdligher-lying energy levels, as expected.

above-barrier states. Also shown in Fig. 7(the point3 are the transition ener-
gies we measured for a setlofy=5 nm InGa _,As/GaAs
1. Ly~5 nm samples MQW's (samples 5, 6, 8, 10, and L1n the inserts of Fig. 7

) ) i we list the sample parameters found by HRXRD. Three of
In Fig. 6(a) we show]| ¢|* for the two first electron levels  q samples have,, near 5 nm and two of them have,L
(with sublevel$ in aLy~5 nm sample with six wells. The o 4.5 nm. The measured transition energies are positioned
interfaces between the layers are indicated by the dasheq ihe indium content that gave the best fit in the calculations
lines and the sample/vacuum interface is indicated by thg the 11H transition using the well widths listed in the inset

dash-dotted line. The wells are the narrower layers in they rig 7. A variation of the 11H exciton binding energy with
figure. For these well widths there is only one confined level, 1 ey will result in a change in the fitted value wfby

for electrons, andren>1 is therefore an above-barrier state. £0.002. The horizontal bars indicate the indium content

We see from Fig. @) that the|y|* is larger in the barriers o nd by HRXRD, and we see that the agreement is good
than in the wells for the above-barrier state e2. An electron ifyonveen the values of found by HRXRD and found
an above-barrier state will therefore have a larger probabilit)fhrough fitting the 11H transition energy. The difference be-

of lzje.ing .in_the barrier than in the vyell. The distribution pf tween the two values of are no larger than 0.005 for any
|| is similar for heavy-hole confined and above—barnersample in the set.

states.

In Fig. 7 we show the calculated transition energgsid
lineg as a function of indium content, for two sets of
In,Ga, _,As/GaAs MQW's withLy=5 nm(a) or Ly=4.5

The results from our transition energy calculations for the
22H above-barrier transitions in thgy=5 nm MQW's are
indicated with horizontal bars in Fig. 3. The horizontal bars
) w in that figure are not error bars, but indicate the spectral
nm (b) andLg=30, 40, or 60 nnone line per transition and 3nge of the transition: they start at the transition energy
barrier width. The transitions are labeletmH(L) for tran- involving the lowest electron and heavy-hole subbands

sitions involving thenth electron level and thenth heavy \yithin each energy band and end at the highest. Also shown,
hole (light-hole) level. Electrons and heavy holes have only ngicated by|’s in the figure, are the transition energies for
one confined level in the,,~5 nm samples. TheriH and  the apove-barrier states that result if the constructive inter-
n1lH,n,m>1, transitions will therefore involve one confined forence condition{ sin (k,Lg) =0] is used to calculate the
and one above-barrier state, and as these states have larggsgye-parrier energy levels.

| |2 in different layers(see Fig. 6, we denote these transi-
tions “spatially indirect.” In the calculations we assumed
exciton binding energies of =9, 7, 5, and 6 meV for the
11H, 12H, 22H, and 11L transitions, respectively. We see The calculated transition energies are indicated with hori-
from the figure that all transition energies decrease with inzontal bars as well in Fig. 2 containing the PLE spectra of
creasing indium content, mainly due to the decrease in théhel,y =15 nm InGa _,As/GaAs MQW'’s. The bars for the

2. Ly~15 nm samples
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els 0.08 0.09 0.10 0.10 0.11 0.12
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els FIG. 7. Calculated transition energies(lines) for
i In,Ga, _,As/GaAs MQW'’s as a function of indium content, for
el, three different barrier widthsg= 30, 40, or 60 nm and well width
el, Lw=5 nm(a) andLy=4.5 nm(b). Transition energies measured
—" by PLE (at 11 K) are indicated by symbols and the horizontal bars
indicate the indium content found by HRXRD for each sample. In
®) the insets we list the sample parameters found by HRXRD. The
measured transition energies are positioned at the indium content
hh3, — that gives the best fit for the 11H transition for the well widths
e3; - W ! @ Ei”'\ w measured by HRXRD.
Buffer | W_ W W W {Cap | V1. DISCUSSION
FIG. 6. |4|? for the first two electron levels el and €®ith A. Transition energies for In,Ga; _,As/GaAs MQW'’s
sublevel$ in sample 8 Ly=4.4 nm,Lz=30.5 nm, six well} (a)
and for the first sublevel of e3 and hh3 in sample_g,€ 14.6 nm, 1. Lw~5 nm samples

Lg=20.6 nm, four well (b). The electron and heavy-hole sublev-  \We start the discussion of the results for the actual
els are labeledrg and tn;, respectively, where is the level index  samples by comparing the measured and calculated transition
andi the sublevel index. The dashed lines indicate the interface@nergies for theL,,~5 samples shown in Fig. 7. We see
between the layers, and the dash-dotted lines the interface betwegihm the figure that the calculated and measured 11H, 11L,
the sample and vacuum. The last layer to the right is the cap layebnq 22H transition energies agree well, when we adjust for

transitions involving heavy holes are drawn just above théhe deviation from.,,=5 and 4.5 nm: for narrowewider)
measured PLE spectra and those involving light holes ar@ells the energy levels will shift towards highdower) en-
below. Again the horizontal bars st4gnd at the transition ~ergies and we see that the points for thg=4.4 nm sample
energy involving the lowestighesj electron and hole sub- lie above the\y=4.5 nm linegsee Fig. To)]. Similarly, the
bands within each energy band. For the wide barrier samplepoints for theL,y=5.2 nm samples are below thg,=5 nm
the width of the low-energy transitions is not resolved andlines[see Fig. Ta)].
the horizontal bar for these transitions degenerates into a For the parity-forbidden 12H transition the agreement is
vertical line. Only the transitions for tHe;=20.6 nm MQW  very good for the_g=63.4 nm sampl€10), and not so good
(sample 2 are labeled, but it is the same transitions that argor the rest. This is probably due to the choice of exciton
indicated for all samples. All four samples in the figure havebinding energy we have made: we have used the dame
two confined electron levels and three confined heavy-hole=7 meV for allL\y,~5 nm samples. If we instead extract the
levels. The 33H transition is therefore a spatially indirectexciton binding energy as the difference between the calcu-
transition where the electrons are semiconfined in the GaAkted band-to-band energies and the measured transition en-
barriers and the heavy holes are confined in th&&_,As  ergies, we find that the exciton binding energy for the 12H
wells, as shown in Fig. (). transition increases from=5 meV to =9 meV when the

In Table Il we list the calculated transition energies for barrier thickness decreases from 63.4 nm to 30.5 nm. For the
some of the samples that we showed PLE spectra from isample with the narrowest barri€26.8 nm we estimate an
Figs. 2 and 3. The overlap integrals of the electron and holexciton binding energy o&5.5 meV. This increase followed
envelope functions involved in the transitions are also listedy a decrease ik, With decreasing barrier thickness is the
in Table IIl. All envelope functions are normalized over the same trend as for the 11H exciton binding energy with de-
whole sample structure, including a 500-nm-thick buffercreasing well thickness. Bastard, Mendez, Chang, and Esaki
layer, N wells, N—1 barriers N=4 or 6), capping, and 2 show in Ref. 33 that when the electron and hole are present
nm of the vacuum. in spatially separated regiorig/pe 1l), the exciton binding
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TABLE lll. Calculated and experimentally observed transition energies fgsdn ,As/GaAs MQW'’s.
The notation 12H12L) means the transition between the first electron level and the second likglty
hole level. All energies are in eV, and are taken to be in the middle of the subbands, unless otherwise stated.
The overlap integral of the envelope functions involved in the transitions are also listed. The full overlap
integral is taken to have a value of 100, andLg are found through HRXRD an# is used as a fitting
parameter. The fitted value &fis close to the HRXRD valuexigp in the table for all samples. The values
for transitions involving only above-barrier states are overlined, and they are underlined for those involving
one above-barrier state.

Sample 1 2 8
Ly /Lg/X(Xxro) 15.3/44.6/0.1060.100 14.6/20.6/0.11®.104 4.4/30.5/0.106.100
Position Position Position
Transition Expt. Theory Overlap Expt. Theory Overlap Expt. Theory Overlap
11H 1.4100 1.4099 989 1.4034 14035 089 14584 14584 94.6
12H 1.4200 1.419% 1.3  1.4140 1.4138 1.3  1.4845 1.484& 19.3
13H 1.4355 14343 112 14310 14300 115 -
21H 1.4440 14488 1.2  1.4420 1.44% 1.2
22H 1.4540 1.45583 945 14530 1.453% 950 15185 15215 91.2
33HR 1.5015 1.501% 25.0 15030 1.5050  43.7
34H 15168 15169 612 15215 15216 365
11L 14540 1.453f  39.8 1.4500 14518 575 1.4874 1.4870 54.1

@0nset of the transition.
bE, .=6.5 meV.
®Eexc=5.0 meV.
9E,.=4.3 meV.
®Ecxc=9.0 meV.
Eexc=6.0 meV.

energy is substantially reduced and lower than the bulk valretically and he found that with increasing number of periods
ues. They assume, however, that the carriers are completelly the MQW, the full width at half-maximuntFWHM) of
confined, which is not the case for the above-barrier statethe cap-layer level decreases. The peak indicated by the ar-
involved in the 12H transitions under discussion. Recentlyrow in the PLE spectrum of sample 11 in FigeBhas a
several groups have calculatdtl,. for type-Il quantum FwHM of =1 meV. This value agrees well with Huang'’s
structures, but to our knowledge there are no reports of caka|culated FWHM of the cap-layer electron state for a MQW
culatedEey. for transitions involving(semiconfineglabove-  wjth six periods.
barrier states.
As far as above-barrier transitions are concerflede
spectra and calculated transition energies just above the
GaAs free exciton Fig. 3 shows a generally very good  The intensity of a peak in a PLE spectrum is proportional
agreement that is best for the widest barriers. This indicateﬁ) the probabmty for the transition and therefore to the over-
that the exciton binding energy for the above-barrier transiygy integral of the electron and hole wave functions. When
tions depends on the barrier width: if we again extract the,e compare the PLE spectrum in Figd2with the calcu-
exciton binding energy we find that for theg=40 NM  |546q overlap integrals in Table Il we see that the parity-
SamP'?S’ the above-barrier exciton binding energy is 5 meYy, iqqen transitions r{mH, n#m) are much stronger than
a?]d it increases to-8 meV for LheLB:?’O'S nm.sampllce. hWhat the value of the overlap integral suggests. A possible
;bgv%?ggrﬁg:ifgsggSgeévt\elgtesntrt]af?r?é ggg di?gﬁ%%;%;:r t gxplanation for this deviation could be the fact that we have
K used a rectangular potential profile in our calculations, in-
be used successfully to calculate the above-barrier energy -4 of the trapezoidal shape one expects to find in MBE-
levels. grown InGa _,As/GaAs MQW’'s due to indium

The full arrow in Fig. 3 indicates a calculated transition Y : :
energy for a transition involving a hole with an envempesegregatloﬁ. Lambkinet al. show in Ref. 36 that the break-

wave function that is larger in the cap layer than in the rest oflown of the normalAn=n—-m=0 selection rule is not
the sample structure. In the calculations we found this kind@used by any built-in electric field and suggest that random
of wave function for many samples, but in the samples withfluctuations in the alloy or large-scale variations in the in-
Lc=Lg they appear as the topmost subband in each energium content due to indium segregation are causing the
band. In the sample with a cap layer much wider than thdreakdown. A trapezoidal potential profile will break the
barriers, the corresponding transition is pushed towardsymmetry, and thereby the selection rules for the transitions,
lower energies and we can resolve it clearly in the PLE specand the overlap of the wave functions can be larger for
trum. Huang* has treated cap-layer states in MQW's theo-“nmH, n#m” transitions.

2. Ly~15 nm samples
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Asymmetry is also introduced by the sample being termi-Fig. 2 we conclude that the calculated transition energies
nated close to the MQW region. We observe that this lattemvolving both confined and above-barrier states agree very
asymmetry is important only when the vacuum is very closewnell with the measured ones, especially for the wide barrier
to the wells, i.e., for thin cap layersc=20 nm. In the samples.
samples where the forbidden transitions showage Fig. 2,
the thickness of the cap layer lies on both sides of this value, VIl. SUMMARY AND CONCLUSIONS
ranging from 5 to 40 nm. Therefore, we conclude that the . T
forbidden transitions are not due to asymmetry caused by the We have_used th_e effective-mass approximation in a
proximity of the sample termination. Another source for transfer-matrix forma_llsm to caIcuIate_the energy levels ar_ld
some discrepancy between the calculated overlap integra@velope wave functions of both’ confined and above-barrier
and the observed peak intensities could be that a single-barz2t€S In IRGa _xAs/GaAs MQW's. We have formulated a

model has been used in the calculations. This model neglecfondition, max pI) wherep is expressed by the transfer-

the valence-band mixing that can influence the wave funcmatrix elements, that is satisfied for energies corresponding

tions, even if the energies are correct at the zone cente@ the semiconfined above-barrier levels in the case of a finite

However, in our samples we believe this effect to be neglicaP layer. We have used the envelope wave function bound-

gible because of the very largseveral tens of meNsplit- ary conditions deduced by Einevadt al. for strained sys-

ting between the heavy-hole and light-hole band edges. ThEMS. anc_i have shown that the energy levels can b.e signifi-
parity-forbidden transitions have been observed by severg@ntly shifted compared to the case of the BenDaniel-Duke

other groups too; see, for example, Reithmaieal®” and oundary conditions. We have compared calculated transi-
Joyceet al*® ' ' ’ ' tion energies with measured ones for several MQW's and we

We have also calculated the probability of finding theflnd g_gooq agrgement petween theory and expe(lment, for
carrier in the MQW region(including capping and in the transitions involving confined as well as above-barrier states.

buffer. These probabilities oscillate with increasing the en-
ergy above the barrier, as Fafaetl al. have shown in Ref.

39. The amplitude of the maxima in thescillating prob- This project has been supported by the Norwegian Re-
ability of finding the particle in the MQW region decreasessearch Council. T. Worren would like to thank Torbjgrn
when the energy increases, and finally the carrier will have &yayli and Stian Levold at the Norwegian Defense Research
larger probability of being in the buffefwhen the buffer is  Establishment for allowing us to use their HRXRD setup,

much wider than the MQW regionThis explains why we  ang for their invaluable help with the HRXRD measure-
observe only transitions involving the first unconfined abovements.

barrier states.

Ksendzov, Pike, and Larsson show in Ref. 40 that inter- APPENDIX: TRANSFER MATRICES
band transitions between confined and unconfined states in
quantum wells give rise to slow-onset absorption features The state vector for electrons can be written
(step$. The 33H transitions in the PLE spectra in Fig&)2 e
2(c), and 2d) are indeed slow-onset steplike features, so our Xi(2)=Mj(2) Uy, (AD)
interpretation of the PLE spectra indicated by the labels owhereU; is the amplitude vector for the envelope wave func-
the peaks in the figure, is justified. From the inspection oftion in layerj defined by Eq(2.2) and

ACKNOWLEDGMENTS

1 1
gexp[kj(z—zj)] gexp[—kj(z—zj)]
Clo) — 1 |
Mj(2)= a-k, -k, . (A2)
Tjexr{kj(z—zj)] Tjexr{—kj(z—zj)]
The state vector for holes can also be written as in(Bq4), but with Mj(z), given by

exgkij(z—z)] exd —k;(z—z)]

Hjexp[kj(z—zj)] Tjexp{—kj(z—zj)]
|
instead ofVi J-C(z). with M =M¢ or M? for electrons and holes, respectively. By
With these notations the conditions for smooth joiningmultiplying each side of Eq.(A4) by the inverse of
can be expressed as M;11(zj+1) we get

_Mm-L _
M 1(Zj+1)-Ujs1=M;(zj11)- U}, (Ad) Uj+1=M1(Z+1)-Mi(Zj 1) -Uj=Tj115-Uj, (AS)
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whereT;, ,; is the 2X 2 transfer matrix that relates the am- de(T)
plitude vector of layejj + 1 to that of layerj. The amplitude t=Too*+ Toar = ——- (A14)
vector of layerN is related to the amplitude vector of the 1
zeroth layer by If we plot |t|? as a function of energy, we will see tha}?
has sharp maxima for certain energies. If the first and last
Un=Tnn-1"Tnoin-2 o0 < T10Uo=T-Ug, (AB)  layer in the structure are of the same kind, i.ky(E)
or =kn(E), we have that
24 [412—
UR] [Toy Tol[UR [r]2+|t]*=1, (A15)
uk Ty Ty SHi (A7) and the maximum values ¢f|2 equals 1.

The energies wherit|? has its maxima are the energy
If N is the last layer of the structur, is the total transfer |evels of the resonant, above-barrier states for the quantum
matrix of the structure. Thus the amplitudes of the envelopetructure. Plots ofy|? for increasing carrier energies above
wave function of each layer in the structure can be obtainethe barrier reveal that for carriers with energy Whh"é has
without any preliminary assumptions about the number ofa maximum) |2 is larger above the quantum structure than
layers, sincel is obtained by a simple matrix multiplication. in the wide buffer. Therefore, an electrgor holg in an

a. Infinitely thick cap layerFor confined states§<Vg)  above-barrier state is not confined to the quantum structure,
we have the situation shown in Figal. In the zeroth layer but spends a longer time in the quantum structure than in the
the envelope wave function is buffer layer.

For structures where the last layer has a higher potential

o=Ugexpkez), 2z<0; (A8)  than the zerotlfbut still lower than the resonant enefgwe
and in theNth layer it is find the resonant energy levels whdtf has a maximum
that generally does not equal unity.
yn=Ukexd —kn(z—2zy)], z>2zy. (A9) b. Finite cap layer.If the last layer in the structuréhe
cap layey is of finite width and terminated by a finite
From Eq.(A7) we get vacuum potentialVy in Fig. 1(c)], the above description for

the above-barrier states needs to be modified. We still have

R R

O] _[Too Toz||Ug| | TooUo (A10)  @n incoming wave with an amplitudgf=1 andUg=r in

Uyl [Two Tul| O TUg] layer 0, as shown in Fig.(&). In the vacuum layer we can
We see that to satisfy EGA10) we must have only have a left-going part of the envelope wave function

T00: 0. (All) le(Z):UkleXF[_kN(Z_ZN)]
In other words, the confined eigenstates correspond to the =pexd—kn(z-2zy)], z>2zy,
zeroes ofTgg. thus
For unconfined state€E(>Vg) the situation is as shown
in Fig. 1(b), where we assume that the la$ith) layer is Ol |Too Toa|[1| |Toot Touf
infinitely thick. An incoming wave from the left has ampli- - - (A16)
8 _ _ Pl [T Tulr Tiot T

tude Uy=1. A part of this wave is reflected at the MQW .
structure and the rest is transmitted. The amplitude of th&f We solve this forr andp we get
reflected wave is andt for the transmitted wave. andt are T
of course the reflection and transmission coefficients. We r=—_2 (A17)
now get the following equations for andt: Toy

t] [Too Tol[1] [Toot Torr , and

O] [T Tuglr Tiot Taar (A12) de(T)

p: T10+ Tlll’ = — T . (A18)
If we solve this forr andt we get 01
T1o This new coefficienp will also have its maxima for en-
r=-<, (A13)  ergy levels whergy(z)|? is largest above the quantum struc-
un ture. The above-barrier states in our structures are calculated

and using this coefficient.
*Electronic address: worren@phys.ntnu.no 3K.B. Wong, M. Jaros, M.A. Gell, and D. Ninno, J. Phys1g, 53

"Department of Electronic and Electrical Engineering, University — (1986.

of Sheffield, Mappin Street, Sheffield S1 3JD, United Kingdom. 43.J. Songet al, Phys. Rev. B34, 8958(1986.
Electronic address: K.Ozanyan@sheffield.ac.uk 5U.K. Reddyet al, J. Appl. Phys62, 145(1987).

1J.E. Zuckeret al, Phys. Rev. B9, 7065(1984. 6p.S. Juncet al, Superlattices Microstruct, 581 (1988.
2G. Bastardet al, Solid State Commuri9, 671 (1984. "H. Shenet al, Solid State Commurs5, 929 (1988.



3988 T. WORREN, K. B. OZANYAN, O. HUNDERI, AND F. MARTELLI PRB 58

8S.H. Paret al, Phys. Rev. B38, 3375(1988. 26T Worren, K.B. Ozanyan, F. Martelli, and O. Hunderi, Micro-
9G. Jiet al, J. Appl. Phys62, 3366(1987%; G. Ji, W. Dobbelaere, electron. Eng43-44 271(1998.
D. Huang, and H. MorkgcPhys. Rev. B39, 3216(1989. 273.-P. Reithmaier, R. Hger, and H. Riechert, Phys. Rev. 43,

19K.J. Moore, G. Duggan, A. Raukema, and K. Woodbridge, Su-  4933(1991).
perlattices Microstruct7, 303(1990; K.J. Moore, Ph.D. thesis, 28R Atanasov, F. Bassani, A. D'Andrea, and N. Tomassini, Phys.
University of Twente, The Netherlands, 1991. Rev. B50, 14 381(1994.

llF.C. Zhan%t al., PhyS Rev. Lett68, 3220(1992 29C.G. Van de Wa”e, PhyS Rev. B9, 1871(1989

12; I\él:art(_elll.ett all., PSh)IIZ SRte\tll ?54'8’ ’[164r83§1?3?1?-199 30For the calculation of transition energies in Table Il, we used the
14G. W??\IZ;I\E \?-,C c():lh;m a (;h :CFric;vzlllB 16 (585(?.994) 11H exciton binding energy as a fitting parameter. We allowed
158. Jogai and P.W. i P%ys )I;ze.v 43.12’ 650(1990 ) the E.,. to vary with a few meV from 6.5(7.5). meV fo.r the
16 ’ Leymarieet a.l IIDhys’ Rev. 51 '13’274(1993 ’ Lw=15 (10) nm samples. The 11E,. was adjusted with the

. ? : ) ' ' same amount from 4.95.00 meV for the Lyy,=15 (10) nm

17
lgf‘ IKArCn;iZ?:IE a}l(., ?Ey: :;Yér?dfg’nifl\igs (15.?112:16 IEEE J. Quan- samples. A shiftin 11H of a few meV corresponds to a variation
o » 1. Thyagarajan, o y: ’ of x with +0.005, which is justified since in Ref. 31 the indium

tum Electron.24, 1524(1988. )
193 Th. Zettleret al, Phys. Rev. B46, 15 955(1992. ,, content is not a measured value.
205ee, for example, E. Merzbach@uantum Mechanic2nd ed J.-P. Reithmaieet al,, Appl. Phys. Lett56, 536 (1990.

; I " 327 worren, K.B. Ozanyan, F. Martelli, and O. Hunderi, Phys. Scr

(Wiley International Edition, New York, 1970 . » K.B. yan, . ) . , Phys. .
2An introduction to the envelope function approximation can be33 T69, 336(1996. )

found in G. BastardWave Mechanics Applied to Semiconductor ~ G- Bastard, E.E. Mendez, L.L. Chang, and L. Esaki, Phys. Rev. B

HeterostructuregLes Hitions de Physique, Les Ulis, France, 26, 1974(1982.

1988. 34F.Y. Huang, Appl. Phys. Let67, 1669(1990.
22G.T. Einevoll, Phys. Rev. B2, 3497(1990; G.T. Einevoll and  **See for example: J.M. Moisoet al, Phys. Rev. B40, 6149
L.J. Shamjbid. 49, 10 533(1994). (1989 or J.-M. Gerard and J.-Y. Marziibid. 45, 6313(1992.

23M.G. Burt, J. Phys. Condens. Mattér 6651(1992; M.G. Burt,  38J.D. Lambkin, L.K. Howard, and M.T. Emeny, Phys. Rev4R
in Bandstructure Engineering in Semiconductor Microstruc-  1738(1990.
tures Vol. 189 of NATO Advanced Study Institute Series B: 373.P. Reithmaier, R. Hger, H. Riechert, P. Hiergeist, and G. Ab-

Physics edited by R.A. Abram and M. Jaro®lenum, New streiter, Appl. Phys. Lett57, 957 (1990.

York, 1989, p. 99. 38M.J. Joyce, Z.Y. Xu, and M. Gal, Phys. Rev.48, 3144(1991).
24A. Polimeniet al, Phys. Rev. B54, 16 389(1996. 393, Fafard, E. Fortin, and A.P. Roth, Phys. Rev4R 13 769
25 The PL of similar samples grown in the same MBE chamber is (1992; S. Fafard,ibid. 46, 4659 (1992; S. Fafard, E. Fortin,

presented in A. Patapd. Polimeni, M. Capizzi, and F. Martelli, and A.P. Rothjbid. 47, 10 588(1993.

Phys. Rev. B52, 2784(1999; F. Martelli et al, ibid. 53, 7421 40A. Ksendzov, W.T. Pike, and A. Larsson, Phys. RewWB 2228
(1996. (1993.



