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In,_,GaAs/In, _,Ga,As strained layer superlattices grown on InP substrates are interesting candidates for
optoelectronic device applications. When embedded in the intrinsic regiopdfradiode, the optical prop-
erties of such shallow strained superlattice devices depend critically on the precise control of the layer param-
eters and the built-in electric field. In this work, we investigate in detail the structural and optical properties of
a series of In_,Ga,As/In, _,Ga As superlattices with nominally lattice-matched wells and up to 1.5% tensile
strained barriers, embedded in the intrinsic region of fnRn diodes. The structural parameters have been
determined from a careful line-shape analysis of x-ray rocking curves. An accurate model of the field-
dependent electronic states in the superlattices has been developed. We find that the analysis of absorption and
emission experiments requires taking into account the electric field screening by the photoinduced carriers. For
fields above a few kV/cm, the optical properties are dominated by the mixed type-l-type-ll band structure of
the strained superlatticelsS0163-182606)04520-9

I. INTRODUCTION which lead to an improved thermal stabilfty.
Despite this technical interest, little is known about the

Since the early proposal by Osbourn thatdetails of the optical properties of {n,GaAs/
In,_,Ga,As/In;_,GaAs strained layer superlattices In;-,Ga,As SL's embedded in the intrinsic part ofpai-n
(SLS’s) deposited on InP wafers should be useful advanceginction. There are several reasons to explain this lack of
electronic material they have been extensively consideredinformation. First, for any serious analysis, there are four
for optoelectronic device applicatioAst*As a consequence, Structural parameter@ayer thicknesses and compositions of
in the recent years, enhanced TM-mode gain lasers hawells and barrl_eljsto pe _a_ccurately determined. For instance,
been reported,as well as polarization insensitive ampli- he Pand discontinuities estimated for the shallow

fiers® In the particular class of In_Ga,As/In, _,GayAs In;_GaAs/in, -, GayAs _SL’S are _qnly of the order Of.
superlattices (SL’s) considered in this work X=0.47, 25-100 meV. They are highly sensitive even to small devia-

y>0.47), spatially indirect alignment of the light-hole va- tions in the layer parameters. Their precise determination is

- therefore crucial for any quantitative interpretation of the
lence band has also been demonstrated, allowing for electr ya P

optic modulators based on the mixed type-l-type II%-L'S confined states.
o ' Second, because the width of the strained SL barriers has
Wannier-Stark effeét*>~15 (WSE) to be constructed. Alto-

X : X to be kept small in order to ensure that the lattice mismatch
gether, this makes these strained microstructures and relatgdia|ly accommodated by elastic strain, carrier delocaliza-
shallow In, _,Ga,AsP-based heterostructures appealing cangjo effects have to be evaluated. For instance, at zero elec-
didates to design optoelectronic integrated circuits operatingic field, the delocalization would result in the formation of
in the 1.55xm range. minibands (MB’s) centered at the uncoupled ground-state
Shallow In,_,Ga,As/In, _,Ga,As SL's are a particular energies! while, in the presence of a large built-in electric
and simple class ofonstant-ymaterials recently introduced field, one would employ a picture of partially localized elec-
by Mircea et al!®'’ This concept, usually applied to trons and holes, possibly spatially separated in different
In,_,GayAs,P;_, quantum-well structures, avoids any gra- quantum wells. This is the so-called Wannier-Stark
dient of the group V elements throughout the heterostructurdocalization??~24
This approach results in an improved interface abruptness In this paper, we present a detailed investigation of the
with respect to the more conventional 1InGa,As/InP  structural, electronic, and optical properties of a series of
system'®*? In addition to these growth related aspects, theunbiased In_,GaAs/In,_,Ga,As p-i-n diodes embedded
device stability against postgrowth thermal treatméng., in InP. We demonstrate that the formation of MB’s and the
annealing of contac}tss also an important aspect for device Wannier-Stark effect are crucial for both emission and ab-
design. In shallow SL systems, the advantages of WSE desorption of light by shallow lp_,Ga,As/In,_,Ga,As SL
vices can be obtained using relatively thick® nm) layers, p-i-n diodes. In the Sec. Il, we focus on the nominal design
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of the samples and on details of the growth technology. In

Sec. Ill we describe the experimental procedures used for ' 4,%%.58" PP T F—2n— E'Pn?,',',',)

optical spectroscopy and x-ray diffractrometry. We show

that, using an analysis based on the kinematic approach, a InP (i) 400 nm

precise determination of both composition and thickness of .
the wells and barriers is possible. Our findings are compared 10 wells o In11 bg;"ersAs
to results obtained using a standard five crystal diffracto- "5 .47 I: Superlattice T 042 058
meter and analyzing the data in the framework of the dy- Lp Ls
namical model. Starting from the structure parameters ob- InP (i) 400 nm

tained by x-ray diffractrometry, we calculate in Sec. IV,

without any free parameters, theoretical interband transition 100 nm InP (n+)

energies. The calculations take into account both the mixed Substrate

type-I-type-Il band structure and the effect of the built-in [ InP (n+)

electric field. We compare these results to data from low-

temperature photoluminescen@@L) and transmission ex-

periments in Sec. VI. We will finish this paper with some
concluding remarks. FIG. 1. Schematic of the structure of the ;InGa,As/

In,_,Ga,As SL p-i-n diodes. The nominal layer parameters of the
SL’s investigated are summarized in Table I.
Il. SAMPLE PREPARATION

. . . corrected slightly using the structural parameters obtained
The samples were grown in a commercial horizontal low-

: ; . from x-ray diffractrometry. Assuming that no background
pressure metal—orgam_c vapor phase epitaxy reactor equipp ping is present in the SL, and that dopant diffusion into the
with a vent-run switching manifoléf The reactor was oper- ndoped layers at growth time is negligible, we obtain
ated at a fotal gas pressure of 20 hPaZ with a gas velocity uilt-in electric fields in the range of ¥51 kV/cm for all
2.8 r?/s.l Thei _metﬁl-f)rgzi\lr_nc a(r_}('ngy()jnd?_ SOL:;]CIe.S (\j/\(ere, res’amples. Of course, the precise value depends slightly on the
S'Il?lsl(lz ve y,d Prlme gAga Iu\TVh 9, rlmed_y-l?h ||um different period lengths of the three samples, but the inter-
(DMQ), and H'_ksan SH~"'d eg necetssary, Imethyl-zinc esting result is that, during the optical inspection of the
( To r:a)nzzre azgc\)lé?jr?:ourigos’cilt?on(;?acgntsrglljrC)(:]‘etSHe = Iayerssamples, part of the estimated electric field can be screened

. by the photogenerated carriers. This screening effect will be
two pairs of TMGa and TMIn sources have been used fo y P g 9

ry: . .
X . discussed in detail in Sec. VI.

growth of the lattice-matched and Ga-rich,InGa,As lay-
ers, respectively. During a growth run, two different values
of the III/V ratios have been used, depending on the material
being deposited. For all In ,Ga,As-type material, we have A. Optical details
used a constant lll/V ratio of 125. For the InP-type material, . : .
a much larger valué475 was selected. In both cases, theﬁ For photoluminescencéPL) and optical transmission

lIl. EXPERIMENT

o (TR) spectroscopies, the samples were mounted in a
growth temperature was 640 °C. These conditions resulted ip_ H tat keot at 2 K. Lumi it
a typical growth rate of about &m/h. Growth interruption Iquid-He cryostat kept a - Luminescence was excited by

. 50 mW of 488 nm Ar-laser radiation focused to about 0.4
sequences have been performed at each interface. Th

fm (excitation density 50 W/crf). Alternatively, the

lasted for 5 and 3 S respectively, when _changing from InP t%ample could also be irradiated by using 6 mW of 632 nm
In,_,Ga,As and vice versa. When growing the SL's, growth HeNe-laser radiatiofiexcitation density 5 W/crf). For the

'ntﬁ_r;l:sgogasrf ?eicuor:(rjeesr ?)rr?:jrilr? Wt%renfﬁsrfiro"éid' 1062. an dtransmission experiments, the light source was a tungsten-
P P 9 ’ ’ halogen lamp. In this case, the total excitation density was

1064, respectivelywill be considered. They consisted in about 5 mW/cni focused on a spot of 1-mm diameter. In

p-i-n-diodes(Fig. 1) grown on highlyn-type doped(100 ever ; . , .

s . N y case, the optical signal was dispersed using a 0.75-m
InP substrates. The SL’s were embedded in the intrinsic re= . ; :
gion of the devices. They were made of 10,19GaAs grating monochromator and detected using a cogédn

wells nominally lattice matched to InPx&0.47) separated germanium photodiode and conventional lock-in techniques.

by 11 Ga-rich, tensile strained, {n,Ga,As (x~0.58) bar-
riers. From run to run, the only intentional change concerned
the well thicknesgsee Table ). On both sides of the SL'’s, We have used two different diffractometers for the analy-
two large (400 nm thicknessnonintentionally doped InP sis of the In,_,Ga,As/In; _,Ga,As SL's. First, systematic
barriers were deposited. These intrinsic layers of the strucexperiments were conducted on every piece of sample using
ture were embedded in two layers pitype InP (200 nm a home-made two-crystal diffractometer equipped with a Cu
and n-type InP (100 nn), respectively, to form theg-i-n  anticathode. The GaSb monochromator allowed us to collect
devices. To allow for an independent check of the barrief004) diffractograms. In this case, a simulation software
composition, a thin(30 nm topmost Ga-rich InGa;_,As  based on a kinematical approdtit®was used to analyze the
layer was deposited using the barrier growth conditions. Thigliffractograms. This approach, with related theoretical back-
layer wasp-type doped to a level gb~ 10 cm™3, ground, will be discussed in detail in Sec. lIl C.

The value of the built-in electric field was estimated from  Second, we have used a horizontal high-resolution five-
the nominal sample layoufTable | and Fig. 1 and later crystal x-ray diffractometer for verification of the results ob-

B. X-ray diffraction
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TABLE I. Summary of layer widths and compositions obtained for the series of samples investigated in this work. For each structural
parameter, the table contains the nominal value, the result obtained by x-ray analysis within the dynamical model, and the corresponding
result obtained by the kinematic model. Where applicable, the relative deviations are also indicated. The deviations are discussed in the text.

SL InGaAs InGaAs InGaAs
Sample period cap layer barriers wells
A x (Ga) Le (R) x (Ga Lg (A) x (Ga) Lw (R)
1061
Nominal 155 0.58 300 0.58 70 0.47 85
Dynamic 144 7 %) 0.57 260 13 % 0.57 66 0.467 78
Kinematic 144 7 %) 0.571 250 17 % 0.571 60 0.473 84
1062
Nominal 200 0.58 300 0.58 70 0.47 130
Dynamic 187 7 %) 0.567 66 0.47 121
Kinematic 187 7 %) 0.566 250 17 % 0.566 75 0.464 112
1064
Nominal 220 0.58 300 0.58 70 0.47 150
Dynamic 203 8 %) 0.567 260 13 % 0.567 66 0.468 137
Kinematic 203 8 %) 0.568 250 17 % 0.568 81 0.467 122

tained with the more simple setup. In this case, the Ge monanaterial k' =4 in this study; a; andZ; represent the lattice
chromator was set in the(2200 mode and (004 constants in the growth direction and the thicknesses of the
diffractograms were collected on the central piece of the waindividual layers, respectively.

fer. They were analyzed using standard simulations based on The diffractograms consist of two sets of diffraction peaks
the dynamical diffraction theor¥’. As usual, given a model associated with the individual layel§ig. 2. The corre-
structure, the software solves the Tagak|-Taup|nSponding envelope function&lescribed by theCikk,) are

equation®®!*and displays a theoretical line shape that has tq eaked ak'/a; . The thicknesses of both the wells and bar-

be compared to the experimental one in order to optimize thd . :
final value of the parameters. fiers can be derived from the width of the envelope func-

tions. The diffractograms are further modulated due to the
last term in Eq(1). This periodic series of peaks allows one
to obtain the SL period®=a;+a,, directly, with a very
As already said, InGa; ,As/In,Ga; ,As SL’s are very high high precision.
shallow-band offset systems in which all unwanted modifi- When the lattice constants of the wells and barriers are
cations of the SL parameters modify strongly the optical resufficiently different, the envelope functions are well sepa-
sponse of the processed devices. This is the reason that adited and can be fitted separatély this case, however, the
structural parameters have to be carefully checked on evetinematic approach has proven sufficient to deduce all struc-
piece of sample by x-ray diffractrometry. Because this systural parameters from the diffractografs!®
tematically involves fitting the x-ray diffractograms, care  The situation is more complicated when the strain is not
must be taken to avoid any ambiguity that might be inducedcompensated and when the SL is very shallow. In this case,
by the fitting procedure. the envelope functions originating from the wells and barri-
The kinematic approach used here to analyze the x-ray
diffractograms is based on the procedure outlined by Quillec
et al’ In this framework, the diffracted x-ray intensity for a i

C. Kinematic approach to x-ray diffractograms

finite superlattice oN periods of widthP can be written as A
: 4(1/aq-1/ay) :
1 2 2. k .
I(u):NZEk > |Ci + Ciir°sing 7N P u=5/1, (1) 212,
k' f
where
< Z; k k' 5
[— [ 2/Z,
chtenrzls ’ ZEN
N — »u
and kP 474, 4/a,

sind x) = sin(x)/x. (3
FIG. 2. Schematic representation of the x-ray diffractograms of
The spatial frequency is related to the diffraction angle via a strained superlattice. Tk denote the lattice parameters, the
a standard Bragg relatioR,is the order of diffraction of the represent the layer thicknessé3=Z, +Z,), andk is the order of
SL peak, andk’ the order of diffraction of the substrate the diffraction peak.
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FIG. 4. Band lineup of | s/In s demon-
0 0.5 1 1.5 2 25 3 35 strating the mixed type?l—typEI-SIEI’Gbar:ﬁc?iA aligI;)lil()t(eanjl(.)'6CA
Strain (%)
A peculiar feature of IgsdGag 4As/In,_,Ga,As hetero-

FIG. 3. The calculated intensity of theero-orderx-ray diffrac-  structures is the mixed type-I-type-Il valence band lineup
tion peak of a In_,Ga/As/Ing sGa, ,As superlattice with fixed (Fig. 4). In this case, the highest valence-band maximum in
barrier width in dependence of the barrier strain for several welltensile strained Ip_,Ga,As (x>0.47) is formed by the
widths. The layer thicknesses are indicated in the figure. light-hole valence band, for which the strain-induced split-

ting of the normally degeneraté@/2;3/2 and|3/2;1/2 va-
ers overlap, and the evaluation of the individual layer thick-lence bands in bulk materials compensates the composition-
nesses and compositions is not at all straightforward. induced change of the |n ,Ga,As band gag®**2Then, for

Moreover, the so-called zero-order superlattice peak that>0.47, the light-hole band edge is raised above the light-
is most commonly used to determine the average lattice comole band edge of lattice-matched,Gag 4,As.*® There-
stant in nearly lattice-matched samples, and corresponds tofgre, in In, sGa, 4 As/IN,_GaAs heterostructures, carrier-
value ofk=K, for whichky/a; +kq/a; is close tok’, isno  type-dependent confinement occurs, as illustrated in Fig. 4.
longer the strongest superlattice peak. If substantial net stramhe light holes are confined to the Ga-rich layers while the
is present in the structure, it might even be very small. Thiselectrons and heavy-hole states are confined to the lattice-
is shown in Fig. 3. We display for different values of the matched layers.
layer parameters the relative change in intensity of the zero- The results of our computation are summarized in Fig. 5
order peak versus strain. Figure 3 demonstrates clearly th@éolid lineg for the case of type-l electron—heavy-hole tran-
for reasonable barrier strain, the peak intensity may be quitsitions of sample 1062. Here, the transitions have been cal-
low, making a simple identification of the zero-order peakculated for electric fields from 0 to 10 kV/cm. Three points
impossible. In these cases a full line-shape analysis is neceshould be outlined.
sary to obtain the average lattice constant. (i) In the absence of electric field, the calculations for the

Both the standard commercial software, which provides &omplete SL(23 layers, including the InP barrigrgield a
full dynamical simulation of the x-ray rocking curvésas  MB of 10-meV width for the type | transitions. This is indi-
well as the kinematic model described Héreé have been cated by an arrow in Fig. 5. The corresponding wave func-
used previously in this situation. In any case, an independeniions are symmetric with respect to the complete SL struc-
method to verify the layer parameters obtained by the X-rayure. Therefore, the usual parity selection rules for carrier
analysis is needed. In this work, we have used the transition

energies obtained by optical transmission and photolumines-
cence spectroscopies to perform this cross check.

890 | .
IV. CALCULATION OF OPTICAL TRANSITIONS /l

870 |

850 | l

830

The comparison of the x-ray results with optical spectra
has been done by calculating the optical transition energies
deduced from the structural parameters obtained by diffrac-
trometry without any free parameter. The calculations of the
SL’s confined states are performed in the framework of the
envelope function theor§}*?taking into account the built-in
electric field of the otherwise unbiasedi-n diodes. Mate-
rial parameters are interpolated from the binary values.
Wherever possible, the bowing has been taken into account 810
by using the well-known parameters of,InGa,As lattice L E1LH1 Miniband LN
matched to InP. The parameters used here are taken from Y =372~
Refs. 33—-39. Reference 39 also contains a thorough descrip- 1012345678 9 1011
tion of the transfer matrix formalism used to determine the
SL’s confined states, optical transition energies, and oscilla- Electric Field (kVicm)
tor strengths. The verification of the important band-offset
parameters for the In,Ga,As/In;_,Ga,As SLs is dis- FIG. 5. Calculated optical transitions depending on electric field
cussed in Ref. 13. for sample 1062 T=2 K).

Transition Energy (meV)
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wave functions in quantum wells apply.
(i) For electric fields larger than 2 kV/cm, a reasonable 345 | o InP | 1139
localization of wave functions starts to occur. It develops 138 )
more and more with increasing field and finally results in 295 L
five localized Wannier-Stark stategcommonly labeled 140
E1HH1(0), EIHH1(=1), and EIHH1(2)]. i U
(i) In between, neither Wannier-Stark localization nor 245 | NP —1 42
delocalization does occur. This intermediate range requires 138
analysis ofall wave functions and transitions to understand
the shape of the spectfahaded area in Fig.)5
In the WSE regime, the largest wave-function overlap,
and therefore the largest oscillator strength, is always ob-
tained for theN=0 transition between electron- and heavy-
hole wave functions localized in the same well. The
N=*1 Wannier-Stark transitions are also present, but their “
intensity is weaker by at least a factor of four compared with [ 140
»
142

141 142

196 | 140

136 137 1:1 142
A A VW

145

InP

139

Intensity (arb. units)

138

0
(3]
T

the N=0 transitions. While these transitions are observable, 45
it should be much more difficult to observe the even weaker : 137 LJ
N==*2 ladders at any field. 5 :
Concerning the electron-light-hole transitions, the field- 305 31 315 32 325 33
dependent variation has a more complicated structure. In Diffraction Anale (d
contrast to the heavy-hole states, the light holes exhibit a iffraction Angle (degrees)
strong delocalization due to their much smaller effective ] )
mass. As a consequence, because the confinement of theF!C- 6. (@ x-ray diffractogram obtained from sample 1064 us-
light holes is even smaller than that one of the electrons, th‘gg the two-crystal diffractrometer witth) theoretical fit using the

corresponding miniband at zero field is very large. When th inematic model. The numbers denote the SL diffraction orders.

electric field increases, a partial localization of the Iight—holemhe ggizt:rtip'rlf;ﬁt:ﬂ dbfﬁrt?\gr a;fll?rll(e(;sindrhee :gxtthgoftézged
. . l,x . -

Wavg functlons. occurs but, in contrast to the 8|eCt.ron Wav%arison, the diffractogram obtained using the 5-crystal diffracto-

functions, the light-hole states never get fully localized in & 1o/ ic shown inc)

single superlattice layer. This behavior is a direct conse- '

quence of the shallowness of these superlattices. The appe?ar&er, which, from the growth conditions, should be identical

ance of the light-hole states is always in between the zero- . \ . : ;
field miniband picture and the Wannier-Stark picture. At any]Eic:ti;hat ?cﬁctg(?ufgirneeghi\l/_vz |?1 alr:rile(r%. %Ip :Zzlu{sr?u':rsﬂgi_thls
field, the light-hole states can be described by the center 9p 9tib. 9

energy of their minibands rather than by a Wannier-Star ng?)?eesl and compositions of the cap layers have been listed in
state energy. The centers of the corresponding optical transi- '

. : . o : While the compositions of the cap layers, which should
tion energies have been displayed in Fig(dashed lines " X ;
but, opposite to the case of heavy holas! lines), for any equal the composition of the SL barriers, agree W&lthin

o X !
full interpretation, one has to keep in mind that the Iight-hole2 %) with the targeted values, we find again that the cap layer

transitions in Fig. 5 represent the center of rather broad a t_hlc_:knesses_, are lower than the_ nominal ofse Table )}
his confirms the overestimated growth rate for

sorptions bands rather than a well-defined Wannier-Star . |
transitions. |i(n «Ga;_,As deduced from the analysis of the total SL's pe-

TABLE Il. Comparison of experimental x-ray SL peak intensi-
V. STRUCTURAL ANALYSIS ties for sample 1064see Fig. 6 obtained using both diffractome-
ters with the theoretical fits.

The diffractogram obtained from sample 1064 with the

two-crystal diffractometer is shown in Fig.(@®. Five SL 11 max
satellites(138—142 can be observed directly in addition to Experiment Theory
the InP substrate peak. The intensities of these satellites, and 5-crystal 2-crystal

of some weaker ones, which are visible in the data aftek| order diffractometer diffractometer Dynamic Kinematic
appropriate magnification, are summarized in Table Il. Simi

lar data have been collected on the three wafers and, from tHes5 0.2 0.2
angular spacing of the SL’s structures, we deduced the ex36 1.2 1.6 0.9 7.0
perimental periods listed in Table I. Comparing with the ex-137 0.9 1.2 0.6 0.8
pected(nomina) values, they appear systematically reduced138 69.1 80.4 46 73
by, typically, 7%. This clearly indicates a slightly overesti- 139 100 100 100 100
mated growth rate for the average; InGa,As material. 140 31.2 34.5 31.3 30.9
In Fig. 6(@), a broadband featurgnarked by an asterisk 141 9.4 9.3 8.7 11.5
appears also around 32.1°. It comes from the top layer of42 2.0 2.4 2 8.7
Ga-rich In;_,GayAs incorporated in all samples of the se- 143 0.2

ries and allows one to deduce the composition of the cap
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riod. However, the discrepancy of the individual cap layer
thicknesses from their design values is larger than that of the
average In_,Ga,As (see Table), which suggests an imper-
fect calibration of the two different lines used for the growth
of the respective material.

At this stage, the individual layer thicknesses and the
composition of the nominally lattice matched layers remain
the parameters to be fixed. Starting from the nominal values,
they have to be slightly adjusted to give a reasonable agree-
ment of experimental and theoretical diffracted intensities
(see Table)l

A typical result, including the final comparison of experi-
ment and simulation for sample 1064, is shown in Figdp) 6
The agreement is rather satisfactory. However, some uncer-
tainty arises due to the fact that it is not possible to fit simul-
taneously all peak intensitigsee Table )l with high preci-
sion.

One may suspect that increasing the signal-to-noise ratio
of the diffractograms, and thus the number of detectable su- o
perlattice peaks, could improve the precision of the proce- 076 078 0.8 082 084 086 0.88 09
dure outlined here. To check this assumption, we collected Energy (eV)
x-ray diffractograms using a commercial Philips 5-crystal
Qiﬁractrometer an.d the standard spftware provided with the FIG. 7. Luminescence and optical transmission spectra of
instrument. The diffractogram obtained from sample 1064 iSample 1062 taken &t=2 K. The fit to the PL spectrum is also

shown in Fig. €c). shown.
While the better signal-to-noise ratio of the diffractogram

in Fig. 6(c) _allpws ops_ervation of at least 11 superlattice 15 |v//cm (Sec. 1), but for any optical experiment, part of
peaks, qualitatively similar results were found. We followedpis puilt-in electric field might be screened by the photo-

the same protocol for the fit to the diffractogram of Fi(c)6  generated carriers. Therefore, for every spectrum, the electri-
(and also the diffractograms obtained from samples 1061 angl,| fie|q has to be determined self-consistently from the mea-
1062. Again we deduced the barrier composition from theg,.ements.
topmost Ga-rich InGa, _,As layer and adjusted all remain-  p|_ and TR spectra from sample 1062 collecte@ & are
ing parameters slightly around their nominal value. The rejigpjaved in Fig. 7. The transmission spectrum exhibits two
sult of this fit in the kinematic model is displayed for all ghsorption edges of different strength, located at 818 and 831
samples in Table 1. _ _ meV, respectively. The high-energy transition displays a
Comparing the results obtained by the analysis of bothy,,rked excitonic enhancement. The PL spectrum consists of
series of diffractograms, we find, for all samples, a very good, single broad band centered at 815 meV, with a weak shoul-
agreement for the fitted layer compositions. From this resultyer around 820 meV. A line-shape analygiso displayed
we estimate an error oahx=0.001 for the layer composi- i, Fig. ) reveals the presence of a second additional transi-
tions obtained by diffractrometry. This result is quite Impor- o 3t 818 meV. This feature coincides with the weaker
tant concerning the evaluation of optical transition energieSapsorption edge.
as a variation by 1% causes a substantial band-gap variation 1 interpret the various optical transitions observed in PL
of about 10 meV. _ and transmission in terms of the Wannier-Stark ladders esti-
The results obtained for the thicknesses of the well angated from our theoretical mod&ee Sec. IV, we have to
barrier layers exhibit much larger variations. While the pe-come pack to the oscillator strengths. As already said, from
riod length can be determined with a precisidnlo , the e overlap of two electron and hole wave functions local-
determination of the individual layer thicknesses allows on€,eq in the same wel[ELIHH1(0) transitio] and in two
to vary both without changing much the resulting fit. AN neighhoring well§ELHH(* 1) transitiond we estimated the
error of =5 A in these layer thicknesses therefore results e ative oscillator strengths to be in the ratio of 1 to 4. This is
Fortunately, in the case of shallow superlattices mvestlgateﬂJS»E the same ratio of absorption structures found at 831 and

here, these errors have negligible influence on the computeghg mev. As a consequence, we assign the main absorption

transition energies. peak observed in transmission at 831 meV to the strongest
step in the joint density of states, i.e., the E1H®)1
Wannier-Stark transition between electrons and heavy holes
localized in the same layer. A nice point to notice is that,
taking into account a reasonable excitonic binding energy of
4.5 meV for this transition, the transition energy is consistent

Since we know the structural parameters with a reasonwith our model calculation using the structural parameters
able accuracy, we can discuss the luminescence and absogbtained from the x-ray analysis. This observation shows
tion spectra in the energy range of the SL’s band gaps. Wéhat the compositions and layer thicknesses obtained from
know also that the SL'’s contain a built-in field of the order of the x-ray analysis are very reliable.

E1LH1(-1/2) 2K
E1HHA1(-1)

E1HH1(0)

Photo-
luminescence A

I\

Intensity (arb. units)

Transmission

VI. CHARACTERIZATION OF OPTICAL RESPONSE
BY PHOTOLUMINESCENCE AND TRANSMISSION
SPECTROSCOPY
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The lower energy transitiof818 me\j originates from significant difference. In both cases, we obtain similar values
the EIHH1( 1) WS ladder. However, from the EIHKD)  for the series of SLS’s well and barrier thicknesses and com-
— E1HH1(—1) energy splitting, which can be compared positions; it is rather more important to adopt the line-shape

directly to the splitting depicted in Fig. 5, we estimate anfitting procedure to the particularities of the shallow super-
electric field of only 9 kV/cm in thep-i-n diode. This value lattice system than to use a more elaborate theory.

is much lower than the nominal or{g5 kV/cm). We asso- Computing from these raw x-ray data the electronic en-
ciate this deviation to a screening of part of the built-in elec-ergy levels, we found Wannier-Stark transition energies in
tric field due to the illumination of the sample. good quantitative agreement with the experimefgtical

While producing the strong PL line, the type Il transitions ones. The type-Il transitions are characterized by transition
(N=+1/2) show up very weakly on the transmission spec-energies that have to be explained by fractional Wannier-
trum. We expected this behavior from our model calcula-Stark indices 1/2, +£3/2) and by the lack of field-
tions, since substantial broadening of the light-hole transiindependent transitioff:®
tions was found(see Sec. IY. This broadening does not For superlattices subject to an built-in electric field, we
influence the observation of the PL peak, since PL is alway$ind that the most important low-temperature PL line corre-
enhanced for low-energy transitions due to the energy relaxsponds to the energetic position of tNe= —1/2 electron to
ation effect, but can explain the lack of a sharp transmissiotight-hole Wannier-Stark transition. On the other hand, from
edge. the transmission experiments, we resolve mainly he0

and theN= —1 electron to heavy hole Wannier-Stark tran-
VII. CONCLUSION sitions. In any case, part of the electric field is found to be
screened. The field therefore has to be determined carefully

Comparatively evaluating a series of gleGag 47AS/  for each experimental situation.
In;_,Ga,As SLSs grown by low-pressure metal-organic
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