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We have determined the origin of the spatial luminescence fluctuations observed between the dark
line defects present in tensile strained,@a ,P/INnPh™-InP heterostructure@Part |1 [F. Cleton

et al. J. Appl. Phys80, 827 (1996]). For that purpose, we have undertaken semi-quantitative and
spectroscopic cathodoluminesceri@t) measurements on various specimens in areas exhibiting
CL contrasts which could be as large as 80%. The analysis of the variation of the CL polychromatic
signal with electron beam energy allowed us to get information on the diffusion-recombif@Rpn
parameters of the areas under study. From the correlation between the local relaxation level of these
areas and their DR parameters, we can conclude that the variation of the misfit dislocations density
at the Galn,_,P/InP interface is at the origin of the luminescence heterogeneities. We also
demonstrate that recycling, by the Bg _,P epilayer, of the photons originating from the heavily
doped InP substrate, enhances the CL contrast between areas exhibiting different relaxation levels.
© 1996 American Institute of PhysidsS0021-897@6)09014-7

I. INTRODUCTION variations of the interface recombination velocity. Therefore,
an experiment was needed which allowed us to discriminate
It has been shown in Part that the microstructure of between interface recombination velocity fluctuations and
tensile stress relaxe@01)-oriented Galn, ,P/InP hetero-  doping level as well as diffusion length heterogeneities. For
junctions is made ofi) twins in the[110] () direction and  that purpose, we have chosen the accelerating beam energy
stacking faults in th¢110] (a) direction and(ii) networks of  E, dependence of the spectroscopic and semi-quantitative
perfect misfit dislocations located between the twins and hetpolychromatic CL signals, since these two experiments have
erogeneously distributed within the interface. According toalready shown to be suitable for the determination of the
cathodoluminescence observati¢@s), the twins and stack- - djffusion-recombinatiofDR) parameters in homojunctioRs.
ing faults, associated with their partial dislocations, are very  The n-Galn,_,Ph-InPh*-InP heterojunctions studied
efficient nonradiative centers since they are imaged as dawge similar, with respect to the epilayer to substrate doping
line defects(DLDs). The DLDs are separated one from eachjevel ratio, to ann-InP/h*-InP homojunction we have stud-
other by areas of various luminescence intensities. The Cled in detail previously by spectroscopic and quantitative CL
contrast between the areas in one sample can be as large #alysis(see Ref. 2 Both of them have been grown by
40%, and no structural defects could be seen by CL. FurtheioCvD in the same reactor. The InP/InP sample consisted
more, 77-K CL spectroscopic measurements performed 0gf an epilayer doped by residual impurities to a level of
these areas have shown that, with a few exceptions, thefpout 3<10 cm 3, and a substrate highly doped at
luminescence intensity decrease when the relaxation level 7 10'° cm3, In that structure, the epilayer CL was found
increases. The aim of Part Il of this paper is to decide betg phe produced, not directly by the electron beam excitation,
tween the different assumptions, made in Part |, on the origifyt indirectly by the recycling of the photons emitted by the
of luminescence fluctuations in @, ,P/InP heterojunc-  gypstrate under electron beam illumination. The polychro-
tions. The assumptions a(b)_inhomogt_eneities of misfit dis-  atic semi-quantitative CL experimental resilts, =f(E,)
location and(2) variations, in the epilayer, of the doping ¢rveq obtained at 300 K were fitted by theoretical curves

level and/or the diffusion length. Since dislocations areqy|cylated with a model based on the excess minority carriers
known to act as efficient nonradiative recombination centersyiffusion in the structure.

it is reasonable to believe that assumption 1 induces spatial Tpe analysis of the CL results we present is based on

those obtained on the InP/InP homojunction where the InP
dElectronic mail: Brigitte.Sieber@univ-lillel.fr epilayer diffusion length and the interface recombination ve-
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TABLE |. Main parameters of the Gk, _,P/InP/InP samples studied in the present workis the gallium composition of the epilayeAa/a is the
lattice-mismatch determined from the gallium compositioandR is the strain relaxation as measured by HRXRD.

InP
Galn,_,P buffer
epilayer layer
_ thickness thickness
XGa Aala R[110] R[110] ty to—ty
Heterojunction (%) (%) (%) (%) (uem) (nm) Experiments
CD 21S 5.5 0.39 4.6 7.3 1.12 100 SEM/CL
imaging
+spectroscopy
CF 88S 6.5 0.47 1.5 15 0.4 25 SEM/CL
imaging
+spectroscopy
+TEM
CF 86S 7.8 0.56 3.6 12.9 0.4 25 SEM/CL
imaging
+spectroscopy
CE 84S 11.2 0.8 13 43 0.55 25 SEM/CL
imaging
+spectroscopy
+TEM

locity were found equal to 0.Zzm and 4x10° cm/s, respec- have been characterized previously by transmission electron

tively. microscopy(TEM). The nature and distribution of the struc-
tural defects present in a low and in a highly mismatched
Il. EXPERIMENTAL DETAILS sample(CF 88S and CE 84S, respectivelyave been pre-

The Galn,_,P epilayers were grown at 640 °C on sented in Part | of this papér.

(001)-oriented sulfur-doped(n~1x10'° cm %) InP sub-

r in m r-controll Id-wall horizontal low-
ool 071 0%, 2 ENERGY DEPENDENT SPECTROSCOPI
P 1-x P ND SEMI-QUANTITATIVE CL EXPERIMENTS

tion, an I_nP buffer Iayer was grown directly on the preh_eate N A LOW-MISMATCHED SAMPLE
surface in order to improve the crystallographic quality of
the Galn;_,P/InP interface. The nominally undoped Since it is not possible to determine a diffusion length
GalIn,_,P and InP epilayers had residual typeémpurities  larger than the epilayer thicknésa low-mismatched sample
(n=3x10"* cm™3). High resolution x-ray diffraction (CD 21S, Table ) with a large epilayer thicknes&,;=1.1
(HRXRD) and low-temperature photoluminescence wereum) was first chosen in order to determine the diffusion-
used to determine the gallium composition in the epilayersecombinationDR) parameters in the structure by means of
and the amount of relaxation. polychromatic ~ semi-quantitative =~ CL  measurements
77 K CL spectra were made first on areas located befl o, =f(E,) curved. In parallel, we have also studied the
tween DLDs and exhibiting different luminescence intensi-luminescence generation mechanism in thisl@Ga ,P/InP
ties; they were selected by CL imaging. We have chosen tbeterojunction by means of CL spectroscopic measurements.
study preferentially samples with a low-mismat¢ha/a  The results of such an investigation are presented first, since
<0.6%; Table ) since, as shown in part | of the papethe  they are essential in the analysis of polychromaltig
areas separating the DLDs are much larger in low-curves.
mismatched samples, and are therefore more suitable for our The sample exhibited very high luminescence fluctua-
experiments. Care had to be taken for the luminescence to li®mns such as that shown in Fig. 1. Therefore, brigBg)
homogeneous over an area much wider than the lateral eand dark(DA) areas with a CL contrast as large as 80% at
tension of the generation volume of the electron-hole pairslow accelerating beam energi€Rable Il) could be selected.
The spectra were recorded on a Cambridge Stereoscan 36@gure 2 shows CL spectra of the dark and bright areas. It
fitted with an Oxford CL system and a Jobin-Yvon HR250 can be seen in this figure that the CL peak associated with
monochromator which allowed a spectral resolution of abouthe dark aregFig. 1) occurs at a higher energy than that
1 meV. In a few cases, room temperature CL spectra werassociated with the bright ar¢gig. 1). Therefore, these two
recorded for various values of the accelerating beam energgreas were definitely selected on the basis of their spectro-
Ey. Then, polychromatic CL intensitfl -, ) was recorded on scopic 77-K CL spectrdFig. 2). Since a decrease of the
areas exhibiting different relaxation levels. This was done atesidual strain leads to an energetical incredeeshif) of
room temperature as a function of accelerating beam enerdyoth the conduction band—Ilight-hole valence b&@d-1h)
Ey, on a Cambridge Stereoscan 250 equipped with an Oxand conduction band—heavy-hole valence ba@B-hh)
ford CL system. As it is noticed in Table |, two specimenstransitions of the Galn,_,P tensile stress epilayéef. Sec.
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IV A, Part 1), it can be concluded that the dark area is more
relaxed than the bright one.

A. Low-mismatched sample with a large epilayer
thickness (CD 21S sample)

1. Spectroscopic analysis

Figure 3a) and Table Ill show that, at low accelerating
beam energy5 keV), the maximum of luminescence emitted
at 300 K from the CD 21S sample occurs at 1.388 eV. By
assuming that the CL peak arisesl:‘z@,l(x)+kT/2,6 X being
the gallium content in the G, _,P epilayer, we find an
E4(x=0.055) value equal to 1.375 eV. Obviously, this
shows that the G#n,_,P epilayer is not fully relaxed since
the band gap of an unstrained @aadn, o4 epilayer should
be equal to 1.391 eV, as calculated with the following rela-
tions (Merle et al.’) which gives the band-gap energy value
of an unstrained Gén, _,P epilayer as a function of its gal-

FIG. 1. Plan-view CL polychromatic image of CD 21S sampig,=5.5%; lium compositionx;
Aa/a=0.39; R[110]=4.6%; R[110]=7.3%. The areas labeled bright and
dark exhibiting a very high contrast of 20% at 26 keV have been studied by Eg(x) - Eg(O) +0.7%+ 0.684(2(X<0 8 )

semi-quantitative CL experiments.

whereE4(0) is the InP band-gap energy expressed, at tem-
peratureT, by?

2
TABLE Il. CD 21S sample. Variation, witlE,, of the polychromatic CL Eg(o) =1.4539- 0-035< 1+ m) . 2
intensity recorded at 300 K on the bright and dark areas. The CL contrast is

the ratio of the intensities difference to the intensities sum. . . .
When the accelerating beam energy increases, but still

CL intensity CL intensity corresponds to an electron-hole pairs generation within the

Eo (a.u) (a.u) CL contrast epilayer alone, the CL peak is redshifted by 13 m@dble
(keV) bright area dark area (%) llI). As shown in Ref. 2, this is due to the recycling, by the

2 1.05 0.100 82.61 epilayer, of the photons created there. But, on the opposite to

5 3.8 0.33 84 what was observed in InP/InP homojunctidrtbe full width

10 6.9 0.49 86.7 at half maximum(FWHM) of the CL peak increases with,

15 85 0.72 84.4 (Table Ill), whereas, in presence of the photon recycling pro-

20 24.7 6.2 59.9 . . . &’fsjé) Furth

26 66.3 436 20.6 cess described previously, it should (jecr .Further-

30 103.5 85.3 28.6 more, the 5 keV CL peak extends quite largely toward the

36 165.2 159.2 18.5 low energy part of the spectrum with respect to what is usu-

40 180.2 176.4 1 ally obtained in specimens doped at a low l&#&Bince, as

shown in Ref. 2, the™ substrate CL spectrum extends from
1.25-1.55 eV, the unexpected increase of the FWHM with
3500 ——————r+——1— 1 E, results from a larger and larger participation, with of
3000 b GaInP (lh) 3 the substrate luminescence to the whole spectrum. The par-
2 InP 3 ticipation of the InP buffer luminescence to the whole CL
2500 ;—Br,gh, area . cannot be excluded, even if its thickness is only one tenth of
2000 F 7 < that of the Gan,_,P epilayer. But, at 300 K, it cannot be
F distinguished from the substrate luminescence.
1500 | 3 When, at 20 keV, the electron beam starts penetrating
the substrate, a large and sudden redshift of 12 meV associ-

Dark area (x7.5)3

CL intensity [counts/s]

1000 GaInP (hh) ] ated with a large increase of the FWHM of 15 meV is ob-
500 ¢ E served(Table Ill). This shows that the substrate lumines-
0 b I . T cence starts to dominate and the whole CL spectrum
1.36 1.38 1.4 1.42 1.44 1.46 1.48 1.5 becomes widely spread out toward the low-energy side, i.e.,
Photon Energy (eV) for photons with energies smaller than 1.36 gRig. 3a)].

FIG. 2. 77-K CL spectra of the bright and dark areas shown in Fig. 1.Th_e high-energy Slde. of the CL spectra presents an inflexion
Low-mismatched sample: CD 21%,=10 keV. The dark area is more Pomt at 1.388 eV which _corresponds to the 5-keV CL peak,
relaxed than the bright one. i.e., to the Gan,_,P luminescence.
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TABLE Ill. CD 21S sample. Variation, witl,, of the 300 K CL peaks and
6 —mr———r———rr—rr—rr—rr FWHM. The electron penetration dept,, is the Grn' range.

 (a)

5F » ] Eo Rp CL peak position FWHM
- 40 keV ] (keV) () (eV) (meV)
4 L 1
: /NkeV: 5 0.16 1.388 54
5 ] 10 0.54 1.379 60
3 /\\LZ v 15 100 1375 60
2 F keV ] 20 18 1.36 75
: 15 keV | 25 2.67 1.355 755
: A ] 30 3.67 1.355
: 10 keV7 35 4.08 1.355
N T S keV ] 40 6.07 1.355

1.25 1.3 1.35 1.4 1.45 1.5 1.55
Photon Energy (eV)

[u—y
T

Normalized CL intensity (a.u)

1.355 eV and not at 1.33 eV as in the case of the InP/InP
homojunctior? The difference of 20 meV between the CL
peak and the band gap of the partially strained §z4nq g4
layer calculated at 300 K1.375 eV} shows that the absorp-
tion of the substrate radiations by the &g _,P epilayer
starts on extrinsic impurity levels in the band gap. The low-
energy part of the CL spect(@delow 1.355 eV corresponds
to the substrate luminescence alone. The filtering of the sub-
strate radiations by the uppermost epilayer has already been
observed in InP/InP homojunctioAdsigure 3b) shows CL
N I I T B curves recorded on the substrate al¢cirve 1 and on the
1.25 1.3 135 1.4 145 1.5 1.55 CD 21S sampldcurve 2. The curves reveal that this filter-
Photon Energy (eV) ing is also quite efficient here. As a matter of fact, in pres-
ence of the epilayefCD 21S specimen; curve) dnly 40%
LS of the total, and therefore not filtered, CL intensity is col-
; lected.
] As in the case of the InP/InP homojunctibthe epilayer
] luminescence observed at high accelerating beam energy
] comes from the recycling, by the epilayer, of photons issued
] from the substrate.
] Figure 3c) shows two CL spectra recorded on CD 21S
sample at low and medium values of the accelerating beam
energyEy. A comparison of them shows that the participa-
i ‘ ] tion, even at low accelerating beam ene(g§ykeV), of the
0 bbb b e L substrate to the whole luminescence, allows us to assume
125 1.3 Phtsgn E:{grgyl.(zs\’) 1.5 155 that the minor?ty carrier diffusion length is approximately
equal to the difference between the sum of thel@a P
FIG. 3. Low-mismatched sample: CD 21S sami&.Evolution, withE, and InP gpilayer thicknessétgble ) and the 5 keV electron
of the 300-K CL spectra recorded on the bright area. Wigincreases, the ~Penetration depttiTable Ill), i.e., 1 um. In the next para-
CL peak is red-shifted, and the FWHM increases. The peak positions angraph, we determine more precisely this value by means of
FWHM are listed in Table Ill. The arrow indicates the inflexion poif. semi-quantitative CL measurements. The experiments are

Normalized CL spectra recorded at 300 K showing that the substrate lumi- . . .
nescence which is filtered by the (& P layer is, at 40 keV, equal to 0.4 performed on the bright and dark areas in order to point out

times(1/2.5 the total substrate luminescence. Curv&d=5 keV (substrate ~ any difference in the epilayer diffusion length and/or doping
aloné); curve 2:E¢=20 keV (CD 21S sample (c) Normalized CL spectra  |evel, and in the interface recombination velocity.

recorded on the CD 21S Sample at 300 K showing that the CL intensity

collected from the substrate exclusively is 1.7 times that collected from the

Galn,_,P epilayer. Curve 1E,=20 keV; curve 2:E,=5 keV. 2. DR parameters

E(b)
1.5 }

Normalized CL intensity (a.u)

Normalized CL intensity (a.u)

The results of the 300 K semi-quantitative CL measure-

At 25 keV and above, the CL peak becomes very asymments are shown in Fig. 4. The fits of the experimental
metrical, and the relative participation of the 85 _,P ep-  curves by the theoretical ones permit to establish DR param-
ilayer to the whole luminescendat photon energies above eters values of the bright and dark areas which are listed in
1.355 eV} decreases notably. The position of the CL peakTable IV.
remains constant witk, [Fig. 3(a), Table Il]. The substrate In the case of a Gi#n,_,P/InP/InP heterojunction, the
radiations are mainly filtered by the @a,_,P epilayer number of DR parameters which influence the polychromatic
rather than by the InP buffer since the CL peak arises ak; curves is quite large:

840 J. Appl. Phys., Vol. 80, No. 2, 15 July 1996 Cléton et al.
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each layerAp;(z) (i=1-3), created by the electron beam in

3 1.2 the homogeneous- andn™-type materials, is given by the
: 1 o E one-dimensional continuity equation;

g : 3 d’Api(2)  Api(2)

g 0.8 - Bright Area E Di —gZ ~ . =-9(2), ©)

o 06 . where D; is the diffusion coefficient in thést layer. It is

© C ; related to the diffusion lengthL; by the relation

g 04 F B L;=(D;n)Y? where 7, is the excess carrier total lifetime
:§ 0.2 [ Dark Area ] given by 1#=1/7,,+1/7,; ; 7, andr, are, respectively, the

E - ] nonradiative and the radiative lifetimeg(z) is the one-

S 0 e dimensional generation function of electron-hole pairs in the

0 10 ZEO . 30 40 50 specimen; we have chosg(iz) given by the analytical func-
0 (keV) tion derived by Akamatset al!! from Monte Carlo simula-

FIG. 4. Polychromatic semi-quantitative CL measurements obtained on thgons' Api(z) can be eXpreSSEdZég
bright and dark areas of the CD 21S sample shown in Fig. 1. Experimental ~ Ap;(z)= Ci+ expz/L;)+C; exp—z/L))

results(@®,M) and best fit4—).

Li lz—2'|\9(z") |
+fv§ exr( L ) D, dz', (4)
(i) ~ Minority carrier diffusion lengths in the Gl P \yhereL, is the diffusion length in thést layer.
and InP epilayers, and in the substrate. The boundary conditions which allow the determination

(||) Free surface minority carrie_r recombingtior_l veloci_ty. of the constant€ andC;” are as follows:

(i) Galn;_P/InP and InP/InP interface minority carrier (a) At the free surface located at=0 (i=1; Galn, ,P
recombination velocities. epilaye:

(iv) Optical absorption coefficients in the two epilayers

and in the substrate. dAp,(2)

DlT =VoApi(2), 6)
The previous characterization of afi-InP substrate and ) o
ann-InPh™* InP homojunctiod allows us to make different WhereVy s the free surface recombination velooigm/s of
assumptions concerning the value of a few parameters: the minority carriers. The first term is the diffusive hole cur-
_ o o _ rent densityj, in the Galn,_,P epilayer.
(i)  The minority carrier diffusion length in the InP buffer (b) At the Galn,_,P/InP interface located at=t,:
is equal to 0.7um, i.e., is larger than the buffer thick- . .
ness. Therefore, its precise value, which is always J1(t) = VAP (ty) = (1), 6)
larger than the buffer thickness, has no influence on  j,(t;)—V,Apa(ty)=j(ty), (7)
thel, curves.
(i)  The InP/InP recombination velocity can be as large a
4X10° cm/s.

where j, is the diffusive hole current density in the InP
buffer. V., andV,, are the recombination velocities of the

. : - . . interface, respectively, on the side of By _,P and of InP.
iii The optical absorption coefficients in the epilayer and . ; ;
w in the r;ubstrate ar% respectively, taken as F7)00)(/) and 5, 2KINg V1 equal toVz, (namedv, in the following, one

1 tains the third boundary condition,
cm -,

. . . . Apy(ty) =Apy(ty). 8
The experimental curves are fitted with theoretical h / . ; | q _
curves calculated by means of a diffusion méatl which _ () At the InP/InP interface located at=t,:
here we will recall the main steps. First, we assume, undepimilarly to the previous boundaries conditions, we can

beam injection, flat band conditions in the whole strucure. Write:
Therefore, the stationary excess minority carrier density in  jo(ty) —Vo3Ap,(t,y) =j3(ty), 9)
Ja(t2) =Va1Apa(ty) =ja(ta), (10)

) wherej; is the diffusive hol rrent density in the InP -
TABLE IV. CD21S sample, 300 K DR parameters of the bright and dark erejsis t %d usive ho ecu eb.t de: sity | t.? fSlIil]b
areas.L, is the Galn,_,P diffusion length.L; is the substrate diffusion fStrate'V23 an V31. are the recom ination velocities of the
length.V, is the free surface recombination velocit, andV, are respec-  interface, respectively, on the side of the buffer and of the

tively the Galn,_,P/InP and InP/InP recombination velociti®s.is a factor substrate. The fifth boundary condition is:
by which the luminescence in the Ga, _,P epilayer has to be multiplied in

order to fit the experimental curves. It accounts for the recycling of substrate A P3(t2) =Apy(ty). (11
photons. (d) z infinite (i =3)
CD 21S Vo Ly Vi Vo Ls Ap;(2)=0. (12
sample (cm/9 (pem) (cm/ (cm/s (pem) M

This condition leads t€3 =0.
Bright area 3.19 0.9 7.16 3.10¢ 0.6 3200

Dark area 319 009 316 310 15 320 The CL intensity collected from the heterojunction is
given by

J. Appl. Phys., Vol. 80, No. 2, 15 July 1996 Cléton et al. 841
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ty photons? As it was already shown in Fig.(8), 40% of the
'CL:(l'FQ)(BM”(O.DJ0 A1(2)Ap(2)dz total number of photons created within the substrate can
reach the free surface without being absorbed by the two
epilayers. The absorption within the InP buffer is considered
as negligible since no luminescence associated to it could be
really detected, in agreement with the small thickness of this
layer. As stated previousR/ e, is taken equal to 50 cnt.!?
By recalling that we deal with the modeling of the external
where R is the reflection coefficient at the luminescence, and that only the substrate radiations with an

Galn,_Plvacuum interface. Its expression depends on th€N€rgy smaller than 1.33 eV leave the heterostructures, we

Galn, ,P refraction indexn. Due to the low gallium con- Set to zero the absorption coefficients and a;. The ab-

tent of the Gan,_,P epilayer, we approximata to 3.6  Sorption, by the Gan,_,P epilayer, of the photons issued

which is the refraction index of InP. For the same reason, ndfom the substrate is described by the prefadibrof Eq.

reflection at the Gan,_,P/InP interface has been assumed.(13).

B is the radiative constant which has been assumed identical The polychromaticlc curves are calculated, for the

in each layern ;, Ny, andn 3 are the doping levels in bright area, under drastic conditions that we summarize be-

respectively, the Gén,_,P epilayer, the InP buffer and the low, and which result from our previous analysis of the 300

n* substrate. The functions;(z) within the integrals ac- K CL spectra:

count for the photon optical losses during their travel, within . . .

the material, to the free surface. For the,faa_,P epilayer, ® At 5 and 10 kev, the CL intensity from the
Galn;_,P/InP/InP  structure comes from the

tr
+Bn(0,2)ft As(2)Ap,(z)dz
1

+Bnogy ftwAg(z)Apg,(z)dz), (13

this gives
g Ga/ln;_,P epilayer alongFig. 3a)].
A (% —a 1z | 0do 14 (i) At 20 keV, the luminescence from the substrate is
1(2)= 0 &XA cosg |5 ’ (14 equal to 1.7 times that from the epilayéfig. 3(c)].

(iii)

At accelerating beam energies higher than 25 keV, the

where «; is the optical absorption coefficient in the
Ga,/n,_,P epilayer. We take it equal to 7000 ¢ 6, is the
critical angle for total reflection at the internal (iv)
semiconductor/vacuum surface. 3(b)]
The Galn,_,P band gap is larger than the InP band gap. '
This results in the full transmission of the radiations issued In the absence of any 300-K CL spectra of the dark area,
from the InP buffer through the Gia, _,P epilayer; we assume, in the light of the CL intensities listed in Table
6 —ay(z—1y) II, that (i) the Galn,_,P CL intensity(ICL,) in the dark area
Az(Z):f ex;( #)sin 6do, is, at 5, 10, and 15 keV, 10% of the bright area intensity and
0 cos ¢ (i) the substrate intensityl CL;) in the dark area is 0.98

where a, is the optical absorption coefficient in the Inp imes that in the bright area.

buffer. Due to the low gallium content, we take it equal to ~ The DR parameters which give the best fits of the ex-
a. perimental curves obtained on the bright and dark areas are

The substrate is highly doped and, as shown in the |adisted in Table IV. The value of the free surface recombina-
paragraph, its luminescence extends from 1.25-1.55 eMion velocity, 3<10° cm/s, seems quite large for an InP-
Thus, the substrate photons are partially absorbed by the Infased materidf® This could be explained by the presence of
buffer and by the Gan,_,P epilayer, such that a residual electric field in the epilayer due to the large doping

CL intensity from the Ggn,_,P/InP/InP structure is
issued from the substrate aloffeig. 3a)].
40% of the total substrate intensity is collec{édg.

(19

, level difference between the epilayer and the substrate. This
As(2)= j'% exp( _altl)sin 6 do, could also result from the presence of many recombination
0 cosé centers at the surface.
_ —al(t—t) The InP/InP recombination velocity, equal to<30°
f ex;{ #) sin 0 do, cm/s, is area independent. Its very large value, as compared
0 cos ¢ to that previously determined in InP/InP homojunctidns,
- — ag(z—ty) could be due to slight differences in the elaboration condi-
f exp( —) sin 6 dé. (16)  tions.
0 cos f The value of the diffusion length, (=0.9 xm) in the

a), a}, anday are the optical absorption coefficients of Galni—«P epilayer is close to that previously determined by
photons issued from the substrate and absorbed, respectivefpectroscopic measurements. This shows that, similarly to
by the Galn,_,P epilayer, the InP buffer and by the sub- What is usually observed in undoped semiconductors, the
strate itself. In Eq.13) of the CL intensity, the factoM electron-hole pairs recombination is of the Shockley—Read—
accounts for the absorption of substrate photons by thélall type, i.e., is dominated by deep levels. By assuming a
Galn,_,P epilayer. As a matter of fact, such an absorptiondoping level of 3<10* cm 2 in the epilayer, one can esti-
creates electron-hole pairs which, in turn, create extranate the luminescence efficiency equal to 1%. An area-
842 J. Appl. Phys., Vol. 80, No. 2, 15 July 1996 Cléton et al.
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FIG. 5. Low-mismatched sample: CF 868;,=7.8%; Aa/a=0.56%;
R[110]=3.6%;R[110]=12.9%. (a) Plan-view polychromatic CL imagé¢b)
Variation, with the accelerating beam energy, of the polychromatic CL in-
tensity recorded at 300 K on the same bright and dark areas @3. ift)
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FIG. 6. Low-mismatched sample: CE 888;,=6,5%; Aa/a=0.47%;
R[110]=1.5%; R[110]=1.5%. (a) Variation, with the accelerating beam
energy, of the polychromatic CL intensity recorded at 300 K on the same
bright and dark areas as (b). (b) Typical 77 K CL spectra recorded at 5
keV on a bright and dark area. The dark area is more relaxed than the bright
one.

Table 1V, we find that the CL intensity in the dark area
should be 5 times larger than that in the bright area. Since we
have found experimentally that both areas have the same CL
intensity at 40 keMTable Il), and remembering that the CL
intensity is proportional to the doping level as shown in Eq.
(13), it can be reasonably deduced that the doping level in
the substrate part of the dark area is 5 times lower than that

TABLE V. CF 86S sample. Variation, witk,, of the polychromatic CL
intensity recorded at 300 K on the bright and dark areas. This table shows
that the large CL intensity difference between the two areas is observed at

Typical 77-K CL spectra recorded at 5 keV on a bright and dark area. Thgq, kev.

dark area is mo

re relaxed than the bright one.

CL intensity CL intensity
: e . . . (a.u) (a.u)
independent diffusion length seems quite contradictory with E, (keV) bright area dark area
the fact that the bright area luminescence is 10 times highet
than the dark area luminescence. i 5_8 2‘8
But first, it should be recalled that the DR parameters in 6 32 1.3
both areas have been deduced from the shape of the normal- 8 4.1 1.9
ized curveqdFig. 3(@)], which have been both calculated for 10 6 2.8
an identical doping level ratio of 33 00 x10*%3x 10 12 21.8 13.4
. 14 51.2 35.7
between the substrate and the epilayer. Second, when com- 16 824 4.3
paring the values of the CL intensities calculated at 40 keV 18 1175 77.9
and corresponding to the sets of DR parameters listed ia
J. Appl. Phys., Vol. 80, No. 2, 15 July 1996 Cléton et al. 843
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TABLE VI. CF 88S sample. Variation, witlk,, of the polychromatic CL

intensity recorded at 300 K on the bright and dark areas. Same comment as b
in Table V. 8 1.2
2 F (a)
CL intensity CL intensity g 1k e
@u) (au) ey 1 Lret
E, (keV) bright area dark area 208 [ b ¢
O~ .
- 3 +
2 0.5 0.3 S > I .
4 07 05 §§0'6 [ Bright area
[=] I +
6 ! 08 ©go4 [ —
8 13 1 o g : Dark area
10 3 1.8 o= L
12 14.7 9.2 g 02¢r .
14 33.3 27.8 E oL e ¥ e e
16 63.5 59.2 5
18 86.2 815 Z Y 10 %?, (kea)o 40 50
50_"'1"""|"'|"'1 ]
. . . — L (b) GalnP(lh) ]
in the substrate part of the bright area. This is in agreement i ]
with the larger diffusion length 5 found in the dark area. As 2 40 ]
: i g GaInP (hh)]
a matter of fact, a lower doping level in the substrate part of 3 : 1
the dark area could lead to a recombination of the SRH type, & 30 - . 7
and to a diffusion length of the order ofidm as experimen- o : Bright Area ]
tally observed. Concerning the substrate part of the bright % 20 | .
area, the recombination of carriers could be of the radiative § C 1
type, as a result of a lower density of nonradiative recombi- 8 10 .
nation centers. The last conclusion of the comparison be- 2 -
tween experimental and calculated CL intensities is that the Y ST S SO A P SR . .
epilayer part of the dark area is less doped than the epilayer 1.38 1.4 1.42 1.44 1.46 1.48 1.5 1.52

part of the bright area. The substrate to epilayer doping lev-
els ratio is constant. The diffusion length does remain con-

Photon Energy (eV)

stant in the epilayer since, at such a low doping level, theéIG. 7. Highly mismatched sample: CE 84%;,=11.2%;Aa/a=0.80%;

recombination is always of the SRH type.
The value of the substrate diffusion lendth influences

R[110]=13%; R[110]=43%). (a) Variation, with beam energy, of the poly-
chromatic CL intensity recorded at 300 K on the same bright and dark areas
as in(b). (b) Typical 77 K CL spectra recorded at 5 keV on a bright and

the slope of thd ; curves at high accelerating beam ener-dark area. The dark area is more relaxed than the bright one.

gies only(here above 20 keV Therefore, as we have seen
previously, the different values af; found in the bright and
dark areas are not responsible for the large CL contrast ex-
perimentally observed. The data in Table IV show that this
contrast comes first from the difference of the Ba_,P/InP

Finally, the CL contrast of the two areas is most influ-

enced by the value of the factd by which the Gan;_,P

recombination velocities. Thus, the higher value of the reluminescencel . ;) has to be multiplied in order to fit the

combination velocity in the dark ardd@able 1V) can be re-

lc, curves® As stated previously, the factdd comes from

lated to a higher density of misfit dislocations at thethe recycling, by the epilayer, of the photons issued from the
Galn,_,P/InP interface such those analyzed by plan-viewsubstrate and absorbed by ity agreement with our analysis
TEM (see Part | of this paperThis confirms the spectro- of the spectroscopic results. We find that the valuévofs
scopic results which showed a lower strain in the dark thammuch higher in the brightM =3200 than in the dark area

in the bright aredFig. 2).

TABLE VII. CE 84S sample. Variation, witlt,, of the polychromatic CL
intensity recorded at 300 K on the bright and dark areas. Same comment

in Table V.
CL intensity CL intensity
(a.u) (a.u)
E, (keV) bright area dark area
6 1.1 0.5
10 17.2 12.5
12 39.6 30.2
14 93.2 68.2
16 158.2 129
18 209.1 162

844 J. Appl. Phys., Vol. 80, No. 2, 15 July 1996

(M=320. This difference can have three origins. The first
comes from the fact that the epilayer part of the bright area
has a smaller energy band gap. This induces a higher absorp-
tion, by the epilayer, of the photons issued from the sub-
$trate. The second comes from a higher production of pho-
tons by the substrate part of the bright area due to its higher
doping level. The third comes from the fact that, the smaller
the Galn;_,P/InP recombination velocity, the larger the
number of photons created in the substrate, at low keV, by
diffusion of holes from the epilayer.

The luminescence heterogeneity such as that described
previously, has not been currently observed in the specimens
we have studied. But, as it has been shown, it results mainly
from local variations of the doping level, and also from dif-
ferent Galn,_,P/InP recombination velocities.

Cléton et al.
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B. Analysis of the other samples obtained by means of transmission electron microscopy ex-
S?eriments where dislocations running through the buffer

One important result of the analysis presented in the la
b ysIS p could be observed.

paragraph is that the minority carrier diffusion length in the

epilayerL, is area independent. Furthermore, its val0e

um) is larger than the epilayer thickne€s44—0.55um) of

the three other specimens we have studied. Therefore, it can We have demonstrated, by associating semi-quantitative

be assumed with great confidence that, in these threand spectroscopic CL studies, that the spatial variations of

samples, the excess carriers created within the epilayer dithe luminescence in tensile strained,®a ,P/InPh*-InP

fuse toward the substrate where they recombine. heterostructures was due to spatial variations of the disloca-
The CL plan-view image in Fig.(®) is an example of tions located at the G, _,P/InP interface. We have also

dark and bright areas which have been selected for spectrehown that these luminescence fluctuations are greatly en-

scopic and semi-quantitative CL analysis. The results obhanced in the case of a highly doped substrate, as a result of

tained on two low-mismatched sampléGF 88S and CF photon recycling.

86S, see Table) lare put together in Figs. 5 and 6. These

figures point out that the CL intensity recorded at low accel ACKNOWLEDGMENTS

eratlr;[gF_beagbt)anerquls)]m#cgl IOW\? ' 03 S?rkr:h":]n d(')n Ib”ght H. Mariette (CNRS/CENG, Grenob)eis greatly ac-
areas|-gs. and @a)]. Tables V an which display knowledged for valuable discussions.
the values of the CL intensity in both samples, indicate that
the CL contrast between dark, and b“ght ar.eas is much mor@F. Clgon, B. Sieber, A. Lefebvre, A. Bensaada, R. A. Masut, J. M.
pronounced at low than at high accelerating beam energy.gonard, J. 0. Garite, and M. Ambri, J. Appl. Phys80, 827 (1996.
Therefore, the luminescence heterogeneities are connecte@. Cleon, B. Sieber, L. Isnard, R. A. Masut, J. M. Bonard, and J. D.
with fluctuations at the G#n,_,P/InP interface and not in 3232'69, Szm'?”ghSC'- T?02”$v1'526h(1996h Leoneli p. G iR
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observed at low accelerapng beam energy is due to the r_eCY'R. A. Masut, R. Leonelli, and G. Kajrys, J. Cryst. Growil30, 433
cling of the photons emitted by the substrate, the carriers (1993.

insi i i 4C. De Meerschman, B. Sieber, J. L. Farvacque, and Y. Druelle, Mi-
created inside the epilayer by the electron beam diffuse to- v M Miorostrog Y486(1992 ' ,

. croscop. Microanal. IMICrostruc, .
ward the InP substrate. This suggests that thdrga,P/InP 55" 5ik s and G. L. Bir, Sov. Phys. Solid State136 (1959.
interface recombination velocity should be higher in the casesH. B. Bebb and E. W. Williams, irSemiconductors and Semimetads-
of dark areas. The CL peaks associated to the CB-lh andited by R. K. Willardson and A. C. BegAcademic, New York, 1972
CB-hh transitions occurs at a higher energetical position in7V°'- 8. _ _
. . P. Merle, D. Auvergne, H. Mathieu, and J. Chevallier, Phys. Ret5B

the case of dark aredfig. 5(c) and @b)]. This last result 2032(1977.
points out their higher relaxation rate, in agreement with as|. pavesi, F. Piaaza, A. Rudra, J. F. Carlin, and M. llegems, Phys. Rev. B
higher value of their interface recombination velocity. 944, 9052(1991).

Tables VII and FigS. (Zi) and Kb) show similar results (I-‘\:’ng Ahrenkiel, D. J. Dunlavy, and T. J. Hanak, J. Appl. PH§4.1916
which have be_en_ obtained on a h'ghly m|5m_atChed sampleog "y Ahrenkiel, B. M. Keyes, and D. J. Dunlavy, Sol. CeB§, 163
The same variations as those noticed previously, between(1991).
bright and dark areas are easily seen from semi—quantitati\/léB- Akamatksu, J(', Henoc, ang P. ':enoc, J-IADEI- PB%-7(245(51)981)-

; SR M. Bugajski and W. Lewandowski, J. Appl. Physz, 521 (1985.
[Flg' 7(a)] ?‘nd spectroscoplﬁFlg. 7(b)] CL curves. When 1BR. K. Ahrenkiel, Properties of Indium PhosphiddNSPEC, London,
the relaxation becomes quite large, the InP buffer peak canggy p. go.

disappeafFig. 7(b)]. This can be correlated with the results A. E. Grin, . Naturforsh12a, 89 (1957.

IV. CONCLUSION

J. Appl. Phys., Vol. 80, No. 2, 15 July 1996 Cléton et al. 845

Downloaded—-12-0ct-2007-t0-132.204.76.245.-Redistribution-subject-to-AlP-license-or-copyright,~see-http://jap.aip.org/jap/copyright.jsp



	I. INTRODUCTION
	II. EXPERIMENTAL DETAILS
	III. BEAM ENERGY DEPENDENT SPECTROSCOPIC
	IV. CONCLUSION
	ACKNOWLEDGMENTS

