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The optical constants for thin layers of strained InAs, AlAs, and AISb have been investigated by
spectroscopic ellipsometry and multi-sample analyses. These materials are important for high-speed
resonant tunneling diodes in the AIAS/INA{§iGa, 4-/AS and AISb/InAs material systems.
Understanding the optical properties for these thin layers is important for develogsitg growth

control using spectroscopic ellipsometBx situ room-temperature measurements were made on
multiple samples. The resulting fitted optical constants are interpreted as apparent values because
they are dependent on the fit model and sample structure. These apparent optical constants for very
thin layers can be dependent on thickness and surrounding material, and are generally applicable
only for layers found in a similar structural context. The critical point features of optical constants
for the strained layers and for the thin unstrained cap layers were found to differ from bulk values,
and three principle effectstrain, quantum confinement, and thin-barrier critical-point broadening
have been identified as responsible. Of these three, the broadeningf #rel E; + A, critical

points for thin barrier material is the newest and most pronounced. This thin barrier effect is shown
to be a separate effect from strain, and is also observable for the AlAs/GaAs syste960
American Institute of Physic§S0021-897@6)04704-7

I. INTRODUCTION the correct growth temperature; however, room-temperature
ex situ measurements can provide insight into how the
There is growing interest in double-barrier resonant-strained layer optical constants compare with the more easily
tunneling diode$RTDs) with strained barriers because of the determined bulk value€x situvariable angle spectroscopic
high-speed and large negative-differential-resistance effectllipsometry (VASE) measurements can provide greater
which they exhibit. The AlAs/InAs/lgsGa, 4As and AISb/  spectral detail and a higher signal-to-noise ratio thmagitu
InAs material systems are of primary inter&st.The first  measurements, thereby allowing the dominant effects which
system uses strained AlAs barriers and a strained InAs wellter the bulk optical constants to be more easily identified.
embedded in InsGa 4As layers which are lattice matched For these layers, both strain-induced and quantum-
to InP. In this system, the very large strain in the AlAs bar-mechanical thickness effects are present. For each of the
riers can be compensated by the opposing strain in the InAgree materials, samples with single strained layers were ex-
well. The second material system typically uses thick InNAsamined with the primary focus on how the strained and bulk
buffer layers grown on GaAs substrates, and the strain in thgptical constants differ. Because of the mathematical corre-
AISb barriers is lower but uncompensated when compared t@ytion between optical constants and layer thickness in the
the first system. However, regardless of the material Systeffitting procedure, this requires a multi-sample approach
very accurate thickness control is required to produce deyhere data from more than one sample are simultaneously
vices with uniform and reproducible electrical properties. analyzed to find thicknesses along with a common set of
Spectroscopic ellipsometr{SE) is a powerful, nonde- optical constants for the different samples.
structive tool for accurate thickness determination of thin = ggction 11 presents a discussion of the various possible
layers which can be used for botéx situcalibration of the interpretations of thickness for the very thin layers used in
growth process and for direit situ growth controR®Ellip-  this work. Section 11l covers the basic terminology for dis-
sometry is an indirect technique for thickness determinationgssing SE data fits. Section IV describes the data acquisition
because the measured data must be fit to a layered modghy modeling procedures used to determine optical constants
which utilizes appropriate optical constants. Her situ o the strained InAs, AlAs, and AISb layers measured for
growth control, these optical constants must of course be fofis \work. The differences between these optical constants
and bulk values are then discussed in terms of strain and
dcurrently with J. A. Woollam Co., Inc. thickness effects in Sec. V. Section VI comments on the con-
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sequences of thiex situanalysis for potential spectroscopic Ill. EXPERIMENT AND VASE BASICS
ellipsometry growth control schemes. Final conclusions are

presented in Sec. VI Ellipsometry determines thicknesses and optical con-

stants for layered samples by fitting the measured data to a
parameterized model. The standard model for analyzing
VASE data is a sequence of parallel layers with smooth in-
terfaces and homogeneous optical constants, on a semi-

II. IS THICKNESS A UNIQUELY DEFINED QUANTITY? infinite substraté. Our fitting procedure is described more
fully elsewheré but the basic terminology is given below.

The very thin(<30 A) strained layers considered here The standard el_lipsometric_ parame@randA are related to
are composed of only several monolayers, and differences dhe complex ratio of refl_ectlon coefficients for Ilght_polarlzed
the submonolayer level are important. In this case, the meaf2rallél p and perpendiculas to the plane of incidenc.
ing of “thickness” is not exact and the appropriate definition This ratio is defined as
depends on what property is being described and how it is R, A
measured. At least four possible thickness meanings need to p=x_=tan(y)e'". 1)
be considered: “true,” “electrical,” “optical,” and “nomi- s
nal.” Since the material is crystalline, a true thickness whichThe electric-field reflection coefficient fqu (s) polarized
is not an integral number of monolayers, say 4.3 monolayerdight is given by R, (Rg). In addition to ¢ and A, their
is best described as a 30:70 coverage mix of 4 and 5 mond&tandard deviations;® and o™, are measured using mul-
layers. Except for specially prepared and destructively testeiple revolutions of the analyzetMultiple revolutions are
samples, this true thicknesses is unknown and can only pésed in any case to improve the signal-to-noise ratioyfor
inferred from other measured values. For the case of a RTD’:}ndA._) A useful related quantity is the pseudodielectric func-
the electrical thicknesses are those values that best descrii@n given by
the device operatioffit the measured—V curves using a
good device physics model. For barriers, this thickness defe)=(e1)+i{€,) =Ssir?(¢)
termines transmission probabilities for electron tunneling. In
a similar way, the optical thickness is that value which beswhich is less dependent on the angle of the incidaftiean
describes the ellipsometric model used to fit the measuredre  andA. For layered samples, the pseudodielectric func-
data, but it incorporates information about different elec-tion can provide more insight thag and A can into what
tronic states than the electrical value. Ellipsometry is typi-Structure is present in the constituent layer optical constants.
cally more sensitive to the states related to fag and  For a bare substrate, the pseudodielectric and intrinsic sub-
E,+ A, critical points(CPS near theA point in the Brillouin ~ strate dielectric functions are equivalent. The Levenberg—
zone. Without any direct feedback during growth, these meaMarquardt algorithiiis used to fit the model parameters by
sured thicknesses need to be related back to the nominglinimizing the following weightedbiased test function:’

1-p

2
m tar?( (f))

1+ , 2

thickness which is determined by shuttealve) timing and 1 N [/ gmod_ yexpt 2| xmod_ p exp) 2
longer growth rate calibration runs. Maintaining precision — g2— [( ] exth I) ( ! expt' l)

and accuracy with an open loop timing system is difficult 2N—-M =1 Ty T4,

due to run-to-run variations in other growth parameters, es- 1

pecially substrate temperature and source fluxes. = 5N=M X2 3)

Offsets between various meanings of thickness are not
surprising and may be due to physical effects such as flufhe number of measuredt and A pairs isN and the total
transients and interfacial effects, or they may simply reprenumber of real valued fit parameters N&. The figure of
sent built-in differences of definition. For electrical devicesmerit (FOM) we use to describe confidence in thé fit
such as RTDs, ultimately uniformity and run-to-run repro- parameter is given by
ducibility of the electrical thicknesses are most important;
however, the electrical thicknesses can not be determined FOMi:l'GS\/C_“E' )
during growth, while optical thickness determinations areThis is the usual one-parameter, 90%, uncorrelated confi-
possible. Growth control does not require equivalence of thelence limif multiplied by our test functiort, whereC;; is
electrical with the optical thickness, only a one-to-one correthe ith diagonal element of the fit parameter covariance
spondence. With proper calibration, an ellipsometer used tenatrix® In the case of a good fit with no systematic errafs,
form a closed feedback loop may be able to produce botlends toward a value of one and FOMduces to the stan-
precise and accurate electrical thicknesses on a run-to-ruard 90% confidence limit. This FOM combines information
basis. In all cases, there should be a consistent one-to-ordout the sharpness of the fit minimur@;() with informa-
relation among the true, electrical, and optical thicknessesion about the overall quality of the fit. The FOM is primarily
The relationship with the nominal thickness, however, isrelated to the combined measurement and fitting process. Us-
likely to be more variable run to run. A closed-loop thicknessing the FOM as direct quantitative information about the
control system using the optical thickness may be able tsample is only valid whew{® and ¢ are known to be
overcome the less stable relationship between true and nomaecurate in magnitude, and when rand¢mot systematic
nal thicknesses. measurement errors dominate the?fit.
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TABLE I. Materials and nominal thicknesses for sample studied.

Sample  Material ~ Thicknesd) Cladding t-cap(A)  t-buffer(A)  Grower .D.
1 InAs 20 I 5558 4AS 60 2000 Tl 7492
2 InAs 30 I 5858 4AS 60 2000 Tl 7495
3 AlAs 20 INy 545 4AS 20 4000 Tl 7441
4 AlAs 15 1Ny 55838 4AS 60 2000 Tl 7502
5 AlAs 20 INy 555 4AS 60 2000 Tl 7504
6 AlAs 25 INy 5G4 AS 60 2000 Tl 7505
7 AlAs 50 1Ny 555 4AS 20 4000 Tl 7434
8 AlAs 50 1Ny 55838 4AS 60 2000 Tl 7503
9 AlSb 15 InAs 30 10 000 HRL 407
10 AISb 25 InAs 30 10 000 HRL 408
11 AISb 15 InAs 30 10 000 HRL 480
12 AISb 25 InAs 30 10 000 HRL 482
IV. DATA ACQUISITION AND MODELING there are overlayergoxides and semiconductor caps

For this investigation 12 samples, each containing ef)rgsent, the strained layers are very thin, gnd only nominal
single, thin strained layer were uséable ). Samples 1 and thlckn(_asses are _k_nown. _Acqwsmon at varlat_)le angles can
2 were used to study InAs ongg.Ga, ,As. The basic model h_elp in deterr2n|n|ng _thlckn(_asses and thlcal _c_onstants
structure used for fitting the ellipsometric data from thesesmultaneou_slf/, but this requires the special conditions of
samples is shown in Fig.(d). The In, 5 Ga, 4As oxide op- low absorptlpn,t|ayer atlleast on the order af; e, and a
tical constants were constructed using a published model foiuPstrate with very different optical constants. For these
semiconductor oxide optical constaftgind interpolated pa- Strained samples which are optically thin and have relatively
rameters between binary endpoints. The nominal thicknessé@Ww optical contrast with the substrate and cap, variable
for the InAs samples, and for the other 10 samples, are givengle data are primarily useful as independent measurements
in Table 1. The basic structure for the AlAs on,pGa, ,As 10 reduce experimental noise at each wavelength. Further-
samples 3-8 is shown in Fig(H). For analysis, the AlAs more, the thin cap layers may not be well represented by
samples were broken into two groups wittAlAs <30 A bulk optical constants as has been observed for thin GaAs
(samples 3—Band witht-AlAs ~50 A (samples 7 and)8  caps on AIAS'3 Therefore, more than one set of optical con-
The final group of four AlSb samples had the nominal struc-stants may need to be determinéior ex situellipsometry,
ture shown in Fig. (c). cap layers are needed to protect the layers of interest from

Before presenting the detailed analysis of these foupxidation)
sample groupings, several general concepts involved need to (2) Two sets of optical constants and layers thicknesses
be covered. cannot be determined from data acquired from a single

(1) The primary goal is to find optical constants for the sample; therefore, for this work, multi-sample analyses were
strained layers; however, this is very difficult to do becauseaused. For each of the four groupings already described, the

data from the samples were simultaneously analyzed to de-
termine layers thicknesses and a common set of optical con-
@ stants for the strained layers. A multi-sample analysis can be

Ino.53)Ga.4nAs Oxide t-ox used to reduce correlation between optical constants and
Imnxss)Ga(o.mAs t_tl;fzz layer thicknesses, but is most powerful when the layer of
ne.s3GaoanAs buffer interest creates its own well-defined interference patteth.
InP substrate For the optically thin strained layers considered here, the
multi-sample analysis will not determine all the model pa-
(b) rameters uniguely; however, it will reduce the correlation to
In(.53Ga(4nAs Oxide t-0x a manageable level, such that a few simple approximations
Ine.53)Gaw4nAs __t-cap will allow the analysis to proceed.
AlAs tAlAs (3) The optical constants we determine for the thin lay-
In.53)Ga©.4nAs t-buffer . .
TP substrate ers are best interpreted as apparent optical constants. The
term apparent is used to imply that the optical constants may
© be dependent on thickness and surrounding material, and
InAs Oxide t-0x may therefore be applicable only for layers found in the same
InAs t-cap context. In fact, there is no obvious reason to assume that
AlSb t-AlSb optical constants should be the same for the slightly different
InAs tbuffer thicknesses considered here, but that assumption is made to
GaAs substrate

permit multi-sample analyses. Thus, the optical constants are
FIG. 1. Layered models used to analyze ellipsometric data for sarfples ~ avVerage values for the available measured thicknesses. Fur-
and 2(b) 3-8, and(c) 9-12. thermore, the data fitting procedure assumes that each layer
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can be described as a homogeneous layer with perfect inter- 160 4 ! ! ! ! Lot
— experiment

faces. In fact, for the very thin layers considered here, the
wave functions for the involved optical transitions can easily
extend outside the model layer thickness. Therefore, the op-
tical constants are context sensitive because they are a func-
tion of the surrounding material and surrounding layer thick-
nessege.g., a 50 A layer of GaAs can have very different
apparent optical constants depending on whether it is sur-
rounded by AlAs or GaAs For the simple, purely optical
models used for ellipsometric analysis, this context sensitiv-
ity is not explicitly modeled, but it is incorporated into the
resulting fitted optical constants. The final optical constants
are apparent values because they are constrained to fit the
measured data within the modeling proced(fremogenous
within a bounded laygrand they represent an average over
thickness and contextsurrounding layeps LTI R T

(4) Mathematical correlation between layer thicknesses 15 20 25 30 35 40 45 50
and optical constants is reduced but not eliminated by a Photon Energy (eV)
multi-sample analysis; therefore, it is necessary to “fix” one
of the strained |ayer thicknesses in each group. One of thélG. 2. Data fits at 76° angle of incidence for strained InAs sample 2 using

s . . successively refined model§Table || summarizes thickness results for
samples within - a group will be considered to haVemulti-sample analyses of samples 1 and(2) Assuming bulk optical con-

tstrainedthom- This defines the optical and nominal thick- stants and fitting only thicknesses yields a poor fit. Allowing the InAs os-
nesses for one of the samples to be identical. Although sometlator parameters to vary improves thef[fib), shown offset by 20F Final

what arbitrary, it is reasonable since we have already noteff was obtained by fitting strained InAs dielectric constants at each wave-
in Sec. Il that very thin layers may not have a unique defi-€"9t"l(e). shown offset by 40
nition of thickness. By fitting the thicknesses for the other

Zzgﬂflﬁ;;the group, the proper relative thicknesses wil b?s limited sensitivity to the absolute level of absorption

(5) To simplify the analysis further, oscillator ensemblesaround the band gap. Bulk InAs andy G 4As optical

were used to describe the cap and strained-layer optical cor?%?itams were modeled quite well by oscillators for this

i . . W
stants as an intermediate procedure to determine layer (6) Within a group(InAs, AlAs, or AISH, the samples

thicknesses? Oscillator ensembles have been used to model . . .
. o . . were measured consecutively and in the same manner with
semiconductor critical poin{CP) structures for energies

above the direct band gaf 6 This modeling technique em- respect to integration time, monochromator bandpass, and
. " " . - < ambient light conditions. This was done for the multi-sample
ploys oscillators at the major critical points, with extra “fic-

2 . - : . analysis to keep the data from each sample correctly
titious” oscillators to fill in the absorption between critical . . o
weighted with respect to the other samples within that group.

50

points, The standard ellipsometric parametegsand A, were mea-
offset A, sured spectroscopically covering the bulk matefigandE,
e(hw)=e; +; E?—(hw)z—iBjﬁw' ®) (CP) regions for both cladding and strained layers.
j
A. InAs

Bulk optical constants for the cap and strained layer materi-
als were modeled using oscillators as in Es). Then, the The InAs sample group consisted of samples 1 and 2.
energy and broadening parameters, but not the amplitudes, ®hese samples were measured and analyzed in the spectral
these models were allowed to vary while fitting the layerrange from 1.6 to 5.0 eV for incident angles of 74° and 76°.
thicknesses. This provided a method to allow the optical conThree successive analysis procedures were performed using
stants to vary from bulk values into the thin cap and thinmodels with increasing degrees of freedom. The resulting fits
strained layer values while fitting a very limited number of of A at one incident angle for sample 2 are shown in Fig. 2.
parameters. Because the amplitudes were not allowed tPable || summarizes the fit quality and thickness results for
vary, the overall absorption strength of a layer was preserveddoth samples. The first modeling procedure assumed that all
while allowing it to be redistributed. Oscillators cannot de-layers had optical constants appropriate for bulk material,
scribe the sharp change in absorption at the lowest-energgnd that only the layer thicknesses needed to be fit. This
direct gaps, however, and an oscillator ensemble is usually approach produced poor fifd=ig. 2(a)] with thicknesses
very poor model below and just above such a @PRef. 16  quite different from nominal.

a variable phase factor was included, which improved the For the second analysis, the InAs optical constants were
ability to modelM, transitions). However, for this work os- modeled using an oscillator ensembpieg. (5)] with starting
cillators were still used as an intermediate step for both AlAgparameters obtained by fitting to bulk InAs values. The
and AISb which have direct gaps in the region of intereststrained InAs layer thickness for sample 2 was fixed at 30 A
The oscillators were satisfactory because the AlAs and AlSlforcing the nominal and optical thicknesses to be the same.
layers were thin, producing no interference pattern and therBurthermore, because of anticipated correlation between
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TABLE II. Fitting results for strained InAs samples. Thicknesses in A, F{BM. (4)] in parenthesega)—(c)
correspond to model fits in Fig. 2.

Fit Nominal (@) InAs—bulk (b) InAs—fit, osc. (c) InAs—it, table

Sample parameter  thickness cap—bulk cap—bulk cap—bulk
1 t-ox 0 19.2(0.20 19.2 (0.13 19.3 (0.02
t-cap 60 75.2(3.5 459 (1.9 46.3 (0.9

t-InAs 20 39.0(1.9 21.5 (0.5 21.1 (0.1

t-buffer 2000 2211.08.3 2259.2 (3.9 2257.6 (1.0
2 t-ox 0 17.3(0.18 18.0 (0.13 18.0 (0.02
t-cap 60 72.8(2.2) 50 50.0(0.2)

t-InAs 30 56.4(1.9 30 30.0(0.2)

t-buffer 2000 2266.1(6.9) 2315.1 (2.9 2266.1 (6.9

X*12N 1052.4 219.2 15.5

thicknesses and optical constants for a fit involving only twosured data. For instance, it is quite general to say that the
samples, the cap thickness was also fixed. It was fixed at 50xide layer thickness is more precisely determined than is
A allowing for 10 A of the nominal thickness to be con- the buffer layer thickness. It is also general to note that the
sumed by oxidation. The broadening and ener¢fi@sparam- oxide and strained layer thicknesses are more precisely de-
eterg for the InAs oscillators were fit along with six layer termined than are the cap layer thicknesses. This is because
thicknesses. The fits improvd&ig. 2(b)], especially in the the cap and buffer layers are the same material and the fitting
E, CP region at 4.4 eV. Attempts at fitting the cap opticalalgorithm has less sensitivity determining the relative reflec-
constants as well as the InAs optical constants did not proion contributions from these two layers due to their nearly
duce better fits in the final analysis. This is due in part to thedentical optical properties. Similar observations are valid for
overlap of the CP structures for InAs ang Ga, ,7As. This  all four sample groupings.
is discussed further in Sec. V.

The final analysis for these samples allowed the InAs

. . B. AlAs
optical constants at all measured wavelengths to be simulta-
neously fit with five layer thicknesses. For sample 2, the  The AlAs samples are broken into two groups: the thin
oxide, cap, and InAs thicknesses from the previous procegroup (samples 3—6f-AlAs <30 A) and the thick group
dure were used as fixed values. Once the fit minimizatiorisamples 7 and 8-AlAs ~50 A). The nominal 50 A thick-
was completed, the wavelength-by-wavelength optical connesses for the thick group are above the critical limit for
stant table for the strained InAs was saved and fixed in thetrain relaxation as determined by laser light scattetiran
model. Finally, the stability of the fits using these optical these layers are at least partially relaxed. The samples from
constants was demonstrated by resetting the layer thicksoth groups were measured from 1.5 to 5.0 eV at incident
nesses to their nominal values and refitting. The results odngles of 74° and 76°. For the analysis results presented in
this thickness-only fitwhich are identical to those before the Table Ill, only data from 2.4 to 5.0 eV were used. The re-
refit) are given in the last column of Table Il. The final fit is sultingA fits for one sampl€5) are shown in Fig. 4 using the
very good[Fig. 2(c)] and therefore the assumed cap thick-
ness for sample 2 was not a severe constraint. In actuality,
what has happened is that the correlation between cap thick- 25 +————t— 1 e
ness and strained layer optical constants has been transferred ~ strained, tabulated ~
into the solved optical constants. Thus, if the actual cap
thickness should have been 60 A, then future fits using these
optical constants will produce cap thicknesses approximately ]
10 A too small. The final apparent strained InAs optical con- 15
stants are compared with bulk values in Fig. 3. Interpretation."
of these results is given in Sec. V. 10

Table Il includes both thicknesses and confidence FOMs
for the three data modeling procedures. As discussed in Sec.
lll, the FOM [Eq. (4)] we use to describe confidence in a fit [
parameter is best used in a relative sense, not in absolute 1 !
magnitude(For this work, the assumptions needed to assign 0 +————— S
independent significance to the FOM magnitude are not 15 20 25 30 35 40 45 50
clearly met) The FOM magnitudes for the oxide thicknesses
seem unphysically small, but they should only be compared
with other FOMs from a particular fit or with FOMs for g g, 3. comparison of bulk InAs and apparent thin strained InAs dielectric
oxide thicknesses from different analyses of the same meaunctions(imaginary part

T

Photon Energy
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TABLE Ill. Fitting results for thinnest strained AlAs samples. Thicknesses in A, HElyl (4)] in parentheses.
(a)—(c) correspond to model fits in Fig. 4.

Fit Nominal (@) InAs—bulk (b) InAs—fit, osc. (c) InAs—fit, table (d) AlIAs—fit, table

Sample parameter thickness cap—bulk cap—bulk cap—bulk cap—previous fit
3 t-ox 0 20.9(0.3) 20.6 (0.18 19.8 (0.10 19.9 (0.03
t-cap 20 64.8(1.9) 18.3 (1.2 29.7 (1.6 29.7 (0.13
t-AlAs 20 23.7 (0.50 27.4(0.28 20.4 (0.29 20.4 (0.05
t-buffer 4000  4186.0 4186.0 4186.0 4169%6)
4 t-ox 0 16.5(0.32 16.6 (0.12 16.4 (0.14 16.4 (0.03
t-cap 60 116.7(2.6) 722 (1.3 72.9 (2.7 72.4 (0.2
t-AlAs 15 17.2 (0.83 16.2 (0.12 15.4 (0.19 15.4 (0.05
t-buffer 2000  2217.0 2217.0 2217.0 221837
5 t-ox 0 17.4(0.33 16.2 (0.12 17.1 (0.14 17.0 (0.03
t-cap 60 109.3(2.2) 58.4 (1.2 70.3 (2.6) 70.8 (0.2)
t-AlAs 20 21.9(0.82 20 20 20.2(0.08
t-buffer 2000  2175.3 2175.3 2175.3 21727
6 t-ox 0 15.3(0.33 15.1 (0.14 14.9 (0.14 14.8 (0.03
t-cap 60 112.5(1.7) 66.7 (1.1 75.1 (2.2 76.7 (0.17)
t-AlAs 25 27.1(0.82 31.3(0.42 24.4(0.16 25.3 (0.09
t-buffer 2000  2181.8 2181.8 2181.8 2180@7)
X?12N 2393.2 280.0 41.9 24.2
same format as Fig. AFits for the thick AlAs group are Next, the AlAs bulk optical constants were replaced by

similar but not shown.The first procedure for the thin AIAs an oscillator group that closely fit the bulk values above 3.0
group assumed bulk optical constants for all layers and fieV. The spectral analysis region was limited because the os-
only 12 thicknesses. The buffer layer thicknesses were esteillators cannot adequately model a semiconductor below the
mated from a preliminary analysis including the data belowdirect band gap. However, thE, CP structure for the
2.4 eV. The resulting poor fit quality is shown in Figa#t  Iny54Ga, 4As needed to be included, so a compromise range,
Note theE; CP structure from AlAs is present in the model 2.4-5.0 eV, was used. The AlAs thickness for sample 5 was
but not in the data. fixed at the nominal 20 A value. The remaining oxide, cap,
and AlAs thicknesse€l1 parametejswere fit along with the
AlAs broadenings and energi€B0 parametejs The fit[Fig.
170 b L 4(b)] improved, but problems around the, j3Ga, 4As E;
— experiment . CP remained.

160 1N T In the next fit, the cap optical constar(sscillator pa-
150 rameters were also allowed to vary. In fact, because the
140 ] samples had different nominal cap thicknesses, two different
] cap optical spectra were fit for sample 3 and for samples
130 7 . 4-6. These cap optical constants were not allowed to be
< 120 ] totally independent, however. Only the, andE;+A, CP
] oscillator parameters were fit separately. The parameters con-
110 1 stituting theE, CP structure were coupled together for the
100 4 cap layers, and these parameters were also fit. The much
] improved fit is shown in Fig. @). The resulting cap optical
90 1 : constants are shown compared with bulk Ji5&, 4/AS in
80 1 = . Fig. 5. Note theE, structure is quite similar to bulk, but that
70 ] S ‘(,a‘), N i the E; CP structure is quite different especially for the thin-

05 30 35 40 45 50 ner 20 A nominal cap of sample 3.
These new cap optical constants were then saved and
Photon Energy (eV) fixed into the model for the final determination of the AlAs
_ . optical constants at all the measured wavelengths. The oxide,
FIG. 4. Data fits at 76° angle of incidence for AlAs sample(Eable Ill d AlAs thick f le 5 fixed at thei
summarizes thickness results for multi-sample analyses of samples(8)-6. cap, an S thic n_ess C_)f Sampie Were_ '_Xe a e'r,
Assuming bulk optical constants and fitting only thicknesses yields a poovalues from the previous fit. Then the remaining samples
fit. Allowing AlAs oscillator parameters to vary improves thel[fip), shown oxide, cap, and AlAs thicknesses were fit simu|taneous|y
offset by 209. Allowing some of the cap Ws{Ga, 4/As oscillator parameters with the AlAs optical constants. Next. the oxide cap and
to vary improves the fit furthdi(c), shown offset by 40° Using previously . ' . ’
fit cap optical constants and fitting strained AlAs dielectric values at eactAlAs thicknesses f_or all four samples were fixed am_j the
wavelength yields the final, best fitd), shown offset by 608 spectral range was increased from 1.5 to 5.0 eV. For this new
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TABLE IV. Fitting results for thicker AlAs samples. Thicknesses in A, FOM

2 P | TS RN S SR R SR
i — cap, 20A nominal [Eq. (4)] in parentheses.
o cap, 60A nominal ~
Fit AlAs—fit, osc. AlAs—fit, table
Sample parameter Nominal cap—previous fit cap—previous fit
7 t-ox 0 20.1(0.29 20.2 (0.07)
o t-cap 20 46.6(0.5 46.8 (0.1
w t-AlAs 50 58.1(0.29 59.0 (0.10
t-buffer 4000 4186 4069.5%7.5)
8 t-ox 0 15.6(0.18 15.5 (0.09
t-cap 60 87.6(2.2 87.7 (0.2
t-AlAs 50 46.2 (1.8 46.5 (0.09
t-buffer 2000 2217 2189.01.3
0 R B X22N 1052.4 219.2

3.5 4.0 4.5 5.0

2.0 25 3.0
Photon Energy

samples 4—6. The remaining analysis exactly paralleled that
of the thin AlAs group. The thickness fit results are given in
Table 1V and the final optical constants are shown in Fig. 6.

FIG. 5. Comparison of bulk §xGa 47As and apparent cap JgGa 4, AS
dielectric functions used to model samples 3—6.

range, the AlAs optical constants and buffer layer thick-C' AlSD

nesses were fit. As with the final InAs analysis, these optical The AISb group comprised four samples, 9-12. These
constants were saved, fixed in the model, and the thicknessegamples were measured from 1.5 to 5.0 eV. However, like the
refit after being set to their nominal values. The results ofthin AlAs group, a reduced rang2.45-4.7 eV was used for
this thickness-only fit, and those of the previous fits, arethe primary analysis. The optical constants were extended
summarized in Table Ill. The final apparent strained AlAsover the full measured range in the final step. In other re-
optical constants from the thin AlAs group are comparedspects the analysis procedure was exactly the same as for the
with bulk values and with the results of the thick AlAs group thin AlAs group. For sample 12, the fit results for each of the
in Fig. 6. Note that the imaginary part of the dielectric con-model refinements is shown in Fig(a/-7(d). Table V lists
stant goes to zer¢e, was not allowed to be negative during the fit parameters for samples 9-12.
fitting) and that an oscillator model could not describe sucha  Sample 12 had its AISb thickness fixed at the nominal
function over the full measurement range. value. Two different cap optical constants were also em-
For the thicker AlAs group, bulk AlAs optical constants ployed in the same manner: Allow differeft; structures,
also gave unsatisfactory fits; however, a complete analysis
was not possible because only two samples were available.

Therefore, to simplify the analysis, cap optical constants 180 = ‘éxperiﬁ‘ent -
were taken from samples from the thin AlAs group with the 170 4
same nominal cap thickness. Thus sample 7 used the cap 160 ]
results from sample 3, and sample 8 used values from ]
150 ]
35 1 " P ST | P R 1 PRI R S 140_;
1 — strained, ~ 20A ' <] 130 -
304 partially relaxed, ~ 50A F7x F ]
_____ FroANE 120 -
25 - ‘ 110 -
20 T 100 A
o~
® 5] 90 | -
197 : , ()
10_ L 80 T T T T T T T T T
25 3.0 35 4.0 45
51 3 Photon Energy (eV)
0 : T L T T T i

FIG. 7. Data fits at 75° incidence for AlSb sample {Pable V summarizes
thickness results for multi-sample analyses of samples 9+d2Assuming

bulk optical constants and fitting thicknesses only yields a poor fit. Allowing
AlSb oscillator parameters to vary improves the[flt), shown offset by
20°]. Allowing some of the cap InAs oscillator parameters to vary improves
the fit further[(c), shown offset by 40¢ Final fit was obtained using previ-
ously determined cap optical constants and fitting strained AISb dielectric
constants at each wavelendtd), shown offset by 60

2.0 25 3.0 35 4.0 45 5.0
Photon Energy

FIG. 6. Comparison of bulk tabulated AlAs, thinngst20 A) strained
AlAs, and nominally 50 A strained AlAs dielectric functior@@naginary

pard.
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TABLE V. Fitting results for strained AlSb samples. Thicknesses in A, F{BY. (4)] in parenthesega)—(d)
correspond to model fits in Fig. 7.

Fit Nominal (@) InAs—bulk (b) InAs—fit, osc. (c) InAs—fit, table (d) AlISb—fit, table

Sample parameter thickness  cap—bulk cap—bulk cap—bulk cap—previous fit
9 t-ox 0 13.2(0.9) 14.0 (0.53 14.1 (0.23 14.2 (0.07)
t-cap 30 0(5.5 18.9 (6.3 18.1 (1.3 18.0 (0.2
t-AlSb 15 9.1(0.89 14.9 (0.40 14.1 (0.28 14.5 (0.10
10 t-ox 0 11.8(0.70 12.8 (0.69 12.7 (0.29 12.8 (0.05
t-cap 30 0(3.2 11.4 (5.0 18.5 (1.7 18.5(0.19
t-AlSb 25 12.3(0.62 20.8 (0.40 24.1 (0.6 24.3 (0.09
11 t-ox 0 13.5(0.89 13.9 (0.51 13.8 (0.29 14.5 (0.07)
t-cap 30 0(4.7 27.7 (5.2 24.7 (1.6 24.2 (0.2
t-AlSb 15 9.8(0.7D) 15.6 (0.40 12.6 (0.35 14.3 (0.10
12 t-ox 0 13.3(0.87) 13.7 (0.79 14.0 (0.39 14.0 (0.06
t-cap 30 0(3.2 253 (49 33.8(1.7 33.0(0.2
t-AlSb 25 15.8(0.78 25 25 25.0(0.11
x?/2N 4010.4 410.2 25.1 20.1

couple theE, structures, and fit bot{The decision to em- V. INTERPRETATION OF RESULTS
ploy different cap optical constants was arrived at because

the cap thicknesses for samples 9 and 10 consistently fit to

thinner values than for samples 11 and 12, even though th nted in the previous sectiop can b'e explair}ed qualitatively
all had the same nominal 30 A cap. If in fact the cap thick-->. three primary effects: strain, confinement-induced energy

nesses of samples 11-12 had solved out to be the same as %t“;r_easdeT, an<_j |sol?]te(: t:}hm-barrlerl CP brodad(egmlg. The
samples 9-10, then the duplicate samples would have pr&_rame ayer in each of these samples is und¢@d) bi-

vided no additional informationThe two sets of cap optical axial strain due to the_Iattlc_e m|sm_atch. Biaxial .st.ram can
constants are shown compared to bulk values in Fig. 8. Th roduce both herostatlc S hifts and mcrea_sed splitting of CP
final apparent strained AISb optical constants are Shov\Ir§tructures. Confinement induced energy increases are well
compared to bulk in Fig. 9 known for both E; and E; CPs in quantum-wel(QW)

s [}:ructuresl.&19 In this work, we noted energy blue shifts of

For all the optical constant spectra just described, a leve E. structure f fth | hich imil
of correlation between thicknesses and other layer optica €=y structure for some ot the cap 1ayers which are simiiar

constants is probably present due to a lack of sensitivity eveh0 those noted for GaAs caps on thick AlAs lay&tsThe

with multi-sample analyses. However, this correlation is pri—mosrt] d:an;zﬁ:c;geﬁggt \;ve E)bser}/e IS Ithte daltrr?os;bzomplgte
marily related to the overall amplitudes; the location angashout o 1 structures for isolated thin s an

shape of CP structures in the resulting optical constants ar%le barrier "?‘Vers- Wwe attnbutg this prlm_anly to a leakage
more adequately determined. of wave functions from the barrier layers into the surround-

ing material, not strain effects. This leakage would reduce

The thin cap and strained layer optical constants pre-

30 P S IR RS | 1 1
1~ strained, tabulated

0+———7+— T T T T 0 t+—rrF T —
20 25 3.0 3.5 4.0 4.5 5.0 156 20 25 30 35 40 45 50

Photon Energy Photon Energy

FIG. 8. Comparison of bulk InAs and apparent cap InAs dielectric functionsFIG. 9. Comparison of bulk AISb and apparent thin strained AISb dielectric
used to model samples 9-12. functions(imaginary part
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TABLE VI. Parameters used for calculating strain model energy shifts.  TABLE VII. Calculated and experimentally determined CP energy shifts.

Quantity INAS/In sGay 4 AS  AlAS/Ing 5458 4AS AISb/InAs Material Critical point Calc. Expt.
€ -0.0313 +0.0369 -0.0127 InAs Eoni(&—Eq(e=0) +0.05
CdCoq 0.5437 0.4267 0.4956 Eq(€)—E.(e=0) +0.03 —-0.00
P —-6.0 eV -9.8 eV -5.9 eV E,A;(e)—E A,(e=0) +0.22  +0.18
B -1.8 eV? —1.70e\ —1.35e\?

E1 —4.3 eV —4.3 eV —4.3 eVf AlAs ("‘50 A) EO,hI"LE)_EO(EZO) -0.30
D} +3.45eV +3.45eVF +3.45eVF Ei(e) ~Eq(e=0) —030  -0.39
A 0.25eV! 0.20eV! 0.43e\ E14,(€) ~E184(e=0) —006  -011
aReference 22. AlSb Eovhkﬁel_EEO(i:Oo) 1883
bTaken from the GaAs values in Ref. 22. 1(€) = Ey(e=0) :
EiA(e)—E;A.(e=0) +0.07

“The required deformation potentials have been collected for only a few
binaries, GaAs being the closest. These values were taken for GaAs front
Ref. 23.

‘Reference 24.

could be performed for thE, CPs; however, our interest lies

primarily in the E; CP region which is most useful for

growth control schemes.

structure may be particularly susceptible to this kind of Calculations of confinement effects in QWs have_been
performed by others; however, we do not know of a simple

broadenmg d'ue to '.ts believed exqtomc nattie! method to calculate confinement induced shifts for cap lay-
Quantitative estimates for strain effects can be made us-

ing a perturbation analysis developed B and E, CPs ers. One complication is that half of the confinement is cre-
1 . .
under biaxial(001) strain by Pollakki?? This approach has ated by the oxide and vacuum levels and another problem is

. . . S . the imperfect oxide—cap interface which may be the source
been used by Pickeringt al. to explain strain induced in- of some of the apparent broadening effects observed. We
creasedobserved by SEin the E;, E;+A; splitting for o . -
In.Ga As lavers on GaAZ and SiG lavers on have made no quantitative calculations of cap energy shifts,

.Xzs?%gx Y . ;o and (o8-, ay . but we expect and observe the general trend that thinner caps
Si. The perturbation approximation may be less valid

: . ield greater blue shifts in the extracted optical constants. We
here due to the very large strain for these material system 9 P

. ) Lo 2=~ Delieve the washout of the; CP structure for isolated bar-
but the calculation can give some insight into the direction_ - . 1

. . . riers i recen rvatiGRA similar br ning of AlA
and relative magnitudes expected for the energy shifts. Strai ers is a recent observatidnA similar broadening o S

. . r re was mentioned for thin barrier layers in
should primarily change the band structure and thus the CB?! structure was mentioned for t barrier layers a

energies, but it should not significantly affect the CP broad- aAs—AlAs superlattice structufé\We know of no quanti-

. . . . tative calculations for this effect. This calculation is likely to
ening. Also, the calculations should be independent of thick; . :
ness, provided that the layer is fully strained. Neglectin thebe more complicated than a QW confinement problem be-

S, Proy 1€ 1ay Y ed. Neg 9 & ause the decrease in state lifetimes within the barrier will
excitonic-induced splitting, theoretical strain-induced energy.

) . . . involve coupling to a continuum of states in the surroundin
shifts can be calculated using the following equatitifs: material piing g

Cio Examining the strained InAs result&ig. 3), one first
1+Zc_)f: (6)  notes the increased splitting of tH&, and E;+A,; CPs.
H Strain-induced splitting has also been observed for strained
In,Ga, _,As (x<0.25) on GaA$> The energy shifts relative
to bulk optical constants were determined by fitting the sec-
ond derivative of the dielectric functions to the standard os-
cillator model with phase factdf. These shifts, along with
calculated values using Eq®$)—(8), are given in Table VII.
Note that calculated shifts foE, are also given, but that
quantitative experimental results were not determined. For
InAs, the E; CP is well outside our measurable spectral
)e. 9 range. The calculated and experimentally determined shifts
for theE; CPs are in good qualitative agreement, as in Refs.
The biaxial strain ise=(a.—ag)/ay, whereay anda, are  25-28. ForE,, the hydrostatic and uniaxial components of
the in-plane lattice constants for the material when unthe strain effect have opposite signs and compensate each
strained and strained, respectively. The elastic constants father predicting a small energy change as is observed experi-
the material are,, andc;. The remaining terms in E¢6), = mentally. ForE;+ A, the two components are calculated to
a and B, are deformation potentials for the lowdstpoint  be additive, creating a larger shift and increased splitting
transitions for hydrostatic and uniaxiéd01) strain. The in-  which are both confirmed experimentally. The cap layers for
terband E,) and intraband D3) deformation potentials in the InAs samples were treated as bulklike for the analyses
Eq. (9) are for A;—A, transitions. Table VI summarizes the presented in Sec. IV, and fits allowing the cap optical con-
deformation potentials and elastic constants used for the matants to vary did not produce better results. The explanation
terials considered here. In principle, similar calculationsand justification for using bulklike fGa, 4AS cap optical

state lifetimes and increase CP broadenings. EjeCP

o ( C12)
Eonf€) —Eo(e=0)=2a| 1——|e+ B
Cn

A 1
El(e)_E1(520)=71+EH—§(A%+4E§)1/2 7

—A,; 1
EiA (e)—EjA(e=0)= — +Euts (A2+4E2HY2 (9)
where

Ci2

12 1
3
EH:2E1(1_C_11)E, ES:(§) D3

c
1+2—
Cn
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constants and for not including a confinement energy shift (2

for the E; CPs are that theE; energies for InAs and GaAs Oxide 310 A
Ing55a 4AS nearly overlap. (InAs embedded in GaAs (oscillators,fit) 844 A
INg58Gay 4AS is definitely a QW for thd point) In fact, AlAs (bulk) 20A
after the strain is included, the InA&S, andE,+ A, CPs may GaAs (bulk) substrate
bracket the Igs4Ga, 4As CP energies. Whether the InAs va-
=5 Y. . : . (b)

lence or conduction bands At are confined in the InAs is - T
dependent on the exact band alignment, but clearly both Gas Oxide 278

P - g » M y bo GaAs (oscillators fit)  37.3 A
states can not be strongly confined. One tentative explanation AlAs (strained) 20 A
for the apparently large change in broadening for the strained GaAs (bulk) substrate
InAs E;+ A, CP is that it is partially unconfined and is ex-
hibiting the behavior of an isolated barrier while e CP is 35 ' e ' 130

. . .. . .. experiment (©) 5

weakly confined maintaining broadening similar to bulk and 20 e fit, bulk AlAS
no obvious confinement shift. We cannot derive great detail ] fit, strained AlAs

. - 120
about the CPs because the overlap creates analysis difficul- 55 1

ties (fit parameter correlationshowever, some CP structure 3
has moved to a higher energy near 3 eV. This is consistenﬁ 20
with strain in the InAs, and there is no obvious physical >
reason why the isGa, 4As CP should be shifted for these 15 1

I 110

A (deg)

two samples. 10 ] [ 100
For the AlAs samples, however, there is good reason to
believe that the cap y3Ga, ,AS CPs might be shifted due 5 ‘ ‘ 90

to confinement by the AlAs which has much larder and 25 30 35 4.0 45 50
E,+ A, CP energies. The cap optical constants shown in Fig.

5 exhibit such a shift, which is larger for the thinner cap
layer. The apparent increase in broadening may be accounted 30
for by the greater importance of the rough oxide—cap inter-
face for thinner layers. The strained AlAs optical constants

for the thin group(Fig. 6) have no distinc€, CP structure; 20 1
we believe this is due to a thin barrier effect as described
previously. The optical constants for the thicker50 A) ' 15 ]
AlAs layers exhibit a more pronounced peak at 4 eV and a
shoulder just below 3.5 eV. Even though these layers are 10 1

Photon Energy

above the critical thickness and partially relaxed, our inter- / bulk GaAs
. . . . . 54 2 cap GaAs, bulk AlAs r
pretation is that these layers still contain strong residual ~ 1 )
X . cap GaAs, strained AlAs
strain and that these two features are the strain-shitgd 0 . .

andE;+A; CPs. We believe these structures are more vis- 25 3.0 315 4_‘0 45 5.0
ible in the thicker AlAs because the thin-barrier broadening
effect has been reduced and optically there is more material
to probe. The experimental shifts given in Table VII are forric. 10. Layered structures and fitted thicknesses used for modeling a
the thicker AlAs optical constants. The same basic agreemesgmple with a thi(~20 A) AlAs capped by nominally 20 A of GaAs on a
between calculation and experiment is seen for AlAs as Wag—‘;aAs substrate. Each quel had the same structu_re and _fitting parameters,
. except that bulk AlAs optical constants were used in the first ¢asend
seen for the InAs. For AlAs thé&, CP shifts the larger strained AlAs optical constants were used in the sedbhdc) Experimen-
amount while theE;+A; CP is relatively stationary. It iS tal data and modeled data curvés) The resulting fitted GaAs cap optical
tempting to look at Fig. 6 and also quantify a shift in the constants.
I'-point band gap; however, below 3.2 eV, the AlAs optical
constants begin to include a “bleed through” of imperfec-
tions from the cap optical constants and imperfect modelinghickness, cap thickness, and oscillator parameters for the
of data oscillations due to the buffer layer. Thus, precisecap optical constants were fit. The cap oscillator parameters
determination of the band gap is not possible. The strainvere started, in both cases, as a good fit to bulk GaAs and
model does predict, however, a fairly large shift to loweronly the broadening and energy parameters were allowed to
energies for the heavy-hole band gap. vary. The resulting layered models, data fits, and cap optical
To further illustrate that the washing out of the CP struc-constants are shown in Figs. (&B-10(d). When bulk AlAs
ture for the strained AlAs is not just a strain effect, anothervalues were used, noticeable AlAs CP features remained in
sample with the nominal structure of GaAs/AlAs/Ga&®  the model[Fig. 10c), 3.8 eV]. This procedure produced a
A/20 A/substrate was measured and analyzed with resultspoor fit with a very thick cap and lowered c&g CP ampli-
shown in Fig. 10(These measurements were also presentetlides[Fig. 10(d)]. The very large fitted cap thickness repre-
in Ref. 13) The fitting models shown were identical except sented the minimization algorithm’s attempt to reduce the
for the AlAs optical constants used. In both cases the oxidémportance of the AlAs features while maintaining the

Photon Energy
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proper model amplitudes in the GaAs region. A much  VII. CONCLUSIONS
better fit was obtained using the thin strained AlAs optical
constants shown in Fig. 6. The resulting thickneddes.
10(b)] and cap optical constanffig. 10(d)] are much more
reasonablgnote that the cafE, features are blue shifted,
while retaining their bulk amplitudg¢®ven though the AlAs
has very little strain(AlAs is almost lattice matched to
GaAs. This is strong evidence that the thin-barrig€P
broadening and strain(CP shifts, splitting effects are dis-
tinct, and that the thin-barrier effect may be dominant for
some material combinations.

The AISb results closely mirror the AlAs results in the
primary observation that the; andE;+ A, CP structures
are washed oufFig. 9). Also, the InAs cap(unstrained for
the AISb samplesoptical constants exhibit a blue shift of

Multi-sample analyses of spectroscopic ellipsometric
data can be used to determine apparent optical constants for
single, thin strained layers. For such samples, three principle
effects have been identified as responsible for the change in
optical constants away from their bulk values: strain, quan-
tum confinement, and thin-barrier critical point broadening.
Of the three, the thin-barrier effect is the newest and most
pronounced. Optical constants for thin strained AlAs have
also been shown to be compatible with data for thin un-
strained AlAs layers on GaAs, thus demonstrating that the
barrier broadening effect is not strain induced. The interplay
of thin layer optical constants with their surroundings has
definite implications forin situ growth control of thin,

. o . . strained, and unstrained, layers. The sensitivity of dynamic
e st llsometic messurements to growng sampls = ey
0L21t This, however, can be accounted for by observing th ﬁ/:.ell established, but the practicality of eIhpsomgtnc based
the.E er’1ergy for Ale is lower than that for InAs. Thus q |ckn_ess control sphgmes are based on'the. ability to extract
whilezthe INAs cap experiences a confinement o;‘ e ’ mganmgful, quantltatllve paramgterg. Theis situwork has
wave functions, it behaves more barrierlike for thewave nglther proved nor .d'SprOV.Ed that sﬁu growth control of
functions Whicr,1 are coupled to the corresponding Iower_thlr! strained Iaye_rs is possﬂ_ale, but it has demonstrated some
. ; . optical effects which will be important and the need for spec-
energy states in the AlSb. The constraints of oscillator mOdEroscopic measurements to account for them
eled caps and the unknown thin AISb optical constants make '
a unique fit in theE, region impossible. The apparent shift of
the AISbE, structure to 4.4 e\(Fig. 9 may not be totally ACKNOWLEDGMENT
correct for that reason. However, whatever ambiguities may
exist in theE, region, the absence of CP structure around 3'%ne
eV in the dataFig. 7) strongly confirms that the,+A,; CP
is totally washed out for these strained AISb layers.

This work was supported by ARPA consortium Agree-
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