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As is widely known, the creation of emitters based onin the technology of fabricating Si—Er devices and are devel-
silicon (in the crystalline or amorphous statdoped with  oping physical methods for investigating these objects, have
erbium ions has attracted the attention of many researchathered in the A. F. loffe Physicotechnical Institute and the

groups throughout the world. The attention is attributable tog;. Petersburg State Technical University to participate in
the possibility of producing efficient emitters that operate atyis seminar.
a wavelength of 1.5um, where fibers transmitting optical

) o . The research teams in the Physicotechnical Institute
signals exhibit their peak transparency, as well as the fact . . . .

o ; which is closer to mehave obtained the following notewor-
that such an emitting element can be smoothly mtegratet

into silicon optoelectronic devices. y results.

The creation of such a laser is clearly the “dream” of — A new mechanism for exciting erbium ions in a
integrated optics. The realization of this dream depends on a reverse-biased— n junction as a result of the recom-
deep understanding of the physical processes involved in ex- bination of electrons from the upper conduction sub-
citing electronic levels of the erbium ion that are located in band with valence-band holes has been discovered.
the valence band of the semiconductor and on knowledge of __ the mechanism of electroluminescence in amorphous

the details of the energy level diagram of erbium, which
often forms large centers with its local environment in the
matrix. Unfortunately, for a number of reasons, the electron
paramagnetic resonance signal of Si—Er systems is poorly
displayed or not observed at all. Therefore, the most effec-

silicon has been thoroughly studied.

— Electroluminescent structures based on crystalline
silicon, which exhibit diverse luminescence charac-
teristics, have been obtained on substrates with vari-

tive experimental method is measurement of the lumines- ous crystallographic orientations.
cence excited by a current inpa—n junction or photolumi- | wish this small seminar success and our guests pleasant
nescence. impressions of St. Petersburg.

Representatives of groups from ltaly, the Netherlands,
and RussigMoscow and St. Petersbyrgvho are involved  Translated by P. Shelnitz
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A careful analysis of the features of the spectroscopic properties of Er-doped and undoped
epitaxial silicon films grown by liquid-phase epitaxy at 950 °C in silicon-saturated indium melts
shows that threading dislocations work as effective gettering sites for erbium and oxygen.
The last impurity is incorporated in the epitaxial film by back diffusion from the Czochralski
substrate during the growth. The photoluminescence emitted by these films appears to be
related to the dislocation and is enforced by the presence of erbium-oxygen complex&899©
American Institute of Physic§S1063-7829)00206-9

INTRODUCTION EXAFS measurements, addressed at the study of the lo-
cal structure of the EP ion in the silicon matrix, were car-
ried out at the European Synchrotron Radiation Facility in
Grenoble(France using the Italian GILDA beam line. De-
tails about the measurement conditions were reported in
Ref. 3.
Photoluminescence measurements were performed in the
300-K range using the multiline emission of an Ar ion
A?ser as the exciting sources, as was described in Ref. 1.
Deep level transient spectroscofpLTS) and optical
LTS measurements were carried out with a SULA Tech.
nc. system in the 80 to 350-K temperature rafge.

We have already shown in previous papérthat Er:Si
epilayers grown by liquid-phase epitaX{PE) in indium
melts present, in the alternative to the intrinsi¢'Ephoto-
luminescenceéPL) band at 0.8 eV, two intense PL bands at
0.807 and 0.873 eVat 10 K), of which the first falls within
few meV in the same energy range of the Er band bu& to
guenches out at higher temperatures.

In addition to the band edge luminescence, the band
0.8 eV was also observed in the Er-free samples. Since t
band at 0.8 eV in Er-doped samples does not exhibit the fir:‘?
structure associated with the ¥rmultiplet and since both
bands fall in the energy range of tBel andD2 bands of the
dislocations, these PL effects are attributed to dislocationEXPERIMENTAL RESULTS
generated by strain-release effects at the interface betwe?ra

the epilayer, which incorporates Er and In as dopants at a
concentration level on the order of ¥@m~2 for Er and The results of EXAFS measurements showed that the

10%cm™3 for In, and the substrate. Dislocations were, inlocal structure of Er ions in a dislocation-free LPE-grown
fact, clearly identified by selective etching, but no clear in-Si:Er epilayer is that of the erbium silicide, regardiess of the
dication about a possible role of the erbium dopant at théature of the substrate, which could be either FZ or CZ sili-
dislocation luminescence was found. con. In the case of epilayers grown onto CZ silicon sub-
Our aim in this paper is to add further insights into thesestrates, the presence of threading dislocations in the epilayer
effects, which might help in the future development of causes instead a strong change in the local coordination of

cal structure of erbium in LPE-grown epilayers

silicon-based optoelectronics. Er, which gives the typical features of Er in a matrix of
erbium oxide. The same Er coordination could be observed
EXPERIMENTAL DETAILS in Er-O coimplanted samples. As in the case of LPE samples

grown on CZ substrates, oxygen back diffuses from the sub-
The LPE Si:Er epilayers were grown from 99.99% purestrates, which acts as an oxygen source. It can be concluded
indium melts which are saturated in silicon and which con-that only in the presence of dislocations does the formation
tain variable amounts of Er deposited on the Czochralskpf Er-O clusters occur during the growth process, where dis-

(C2Z) or float-zone(F2) silicon substrates. The growth tem- |ocations act as heterogeneous nucleation centers of the er-
perature was held at 950 °C. Other details about the growtRjum oxide.

conditions were reported in Ref. 2. The indium concentration

in the epilayer was found to be reasonably close to the satu- ) ) o

ration at the growth temperature, while that of Er rangeOPhotqumerescence of dislocations in Er-free and Er-doped

between 1& and 188cm3. The average thickness of the — = materials

layers was close to 4m, as measured by spreading resis- A comparison of the PL spectra of a reference LPE-
tance measurements. grown Er-free sample and of a Er-doped sample is shown in
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SiInEr (dislo) one can further recognize the presence of H# level at
— 025 | s;';lﬁ'(dri;;)s ° E=E;—0.20eV in the luminescent Er-doped sample.
= It closely corresponds to a level &.—0.18eV, as-
S 02 signed in the literature to an Er-O ceritsince it is present
i;* only in Er-O coimplanted samples. Finally, a shallow level at
a:"; 0.15 E.—0.18eV is present only in the reference sample.
-
R=I A
.|
A 0.05

DISCUSSION AND CONCLUSIONS

0.0 : . e
1300 1350 1400 1450 1500 1550 1600

A(nm) One of the most striking effects of dislocations in LPE-
grown epilayers is the drastic change in the local structure of
Er, which resembles that of erbium in a cluster of oxygen
atoms, while the structure of erbium in erbium silicide in
materials without dislocations contains comparable amounts
Fig. 1. It is evident that the PL intensity at the same excitingof oxygen.
power (1.7 Wicnf) is larger by a factor of 5 in the case of We could then argue that both oxygen and erbium are
Er-doped silicon, and that in the case of the reference sampligettered at dislocations, which play the role of centers re-
only theD1 band is observed. We have then examined thgponsible for thed1 luminescence band, in agreement with
temperature dependence of the intensity of Bt band in  kyeder.
Er-doped, dislocated material. This effect could be unspecific, as for most of the impu-
The results showed that thg1-PL quenches out at the ... . .

. . rities which are called upon to enhance the photolumines-
temperatures close to 250 K, in good agreement with th%ence We believe, however, that it is peculiar to erbium
Kveder results on plastically deformed silicon. ' ' ’ ) P . '

In fact, the permanence of the dislocation-related PL at

Er concentrations much larger than those at which transition
metals kill the PL is certainly associated with the enhance-
Deep level transient spectroscopy and optical DLTSment of Er solubility associated with the presence of oxygen
measurements were performed on the same samples studigdd/or Er-O centers. Work is in progress to obtain more de-
in EXAFS and PL experiments. The main results of thesegjis on the Er-O centers in dislocated and dislocation-free

experiments are reported in Table |, where we have als@,mpies from recent results of EXAFS experiments, which
presented the results for a reference Er-free sample, also W'Hbuld further support our conclusion

a dislocation-related PL.

FIG. 1. PL spectra of a reference LPE-grown Er-free sanigitted ling
and of an Er-doped sample &t=10 K, P=1.7 W/cn?.

DLTS results

All majority and minority traps were shovl\gl to be  This paper was presented at the annual INTAS-RFBR
pressentia at concentrations ranging between™1@nd  Meeting, held in St. Petersburg on 24—29 October 1998, in
10°cm™ (Ref. 6. the frame of the INTAS-RFBR 95-531 Program. INTAS is

The traps labeletiX andH4 are dislocation related, and
thus labeledD. Since no dislocation-related trap was ob-
served in DLTS measurements by Kveder in single-crystal
silicon deformed at 1100 °C under clean conditions, these
traps are present in our samples at a concentration at least
two Ol’f:IeI’S of magnitude larger than those pr_ese_nt mlS. Binetti, M. Donghi, S. Pizzini, A. Castaldini, A. Cavallini, B. Fraboni,
Kveder's samples. Of these_traps, thé4 trap, which is and N. A. Sobolev, Solid State PhenoB-58 197 (1997).
present only in Er-doped dislocated samples, apparentlys, pizzini, M. Donghi, S. Binetti, G. Wagner, and M. Bersani, J. Electro-
works as a nonradiative recombination center. From the tablechem. Soc145, 8 (1998.

3S. Pizzini, M. Donghi, S. Binetti, I. Gelmi, A. Cavallini, B. Fraboni, and
G. Wagner, Solid State Phenosy, 86 (1997.
TABLE I. Summary of the results for the majoritil) and minority(E) trap 4A. Castaldini, A. Cavallini, B. Graboni, S. Binetti, M. Donghi, S. Pizzini,

acknowledged for the financial support of the entire Project.

centers. and G. Wagner, Inst. Phys. Conf. S#60, 297 (1997).
5V. V. Kveder, E. A. Steinman, S. A. Shevchenko, and H. G. Grimmeiss,
Reference  Er-doped Phys. Rev. B51, 520(1995.
Level Energy, eV sample sample Remarks 8A. Cavallini, B. Fraboni, S. Pizzini, S. Binetti, S. Sanguinetti, |. Lazzarini,
HO E,+0.18 J and G. Salviati, J. Appl. Phy$i’n press.
HX E,+0.45 J J D ’S. Libertino, S. Coffa, G. Franzand F. Priolo, J. Appl. Phyg'8, 3867
Ha E,+0.65 J J D (1995.
E1l E.—0.18 J
E2 E.—0.20 J Er Published in English in the original Russian journal. Reproduced here with

stylistic changes by the Translation Editor.
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The intensity of the photoluminescence of erbium in silicon is analyzed by a model which takes
into account the formation of free excitons, the binding of excitons to erbium ions, the
excitation of inner-shell # electrons of erbium ions and their subsequent decay by light emission.
Predictions of this model for the dependence of luminescence intensity on laser excitation
power are compared with experimental observations. The results for float-zone and Czochralski-
grown silicon, in which erbium is introduced by implantation with or without oxygen co-
implantation, are remarkably similar. To obtain agreement between model analysis and
experimental data it is necessary to include in the model terms describing energy

dissipation by an Auger process of both the erbium-bound excitons and the erbium ions in
excited state with free electrons in the conduction band. A good quantitative agreement is
achieved. ©1999 American Institute of PhysidsS1063-782809)00306-3

1. INTRODUCTION cited state, with concentrationy,. The steady state is de-
scribed by the balance equatiofi3—(4), which we will dis-

The luminescence of rare-earth-doped semiconductors S ss

presently under intense study. In the more fundamentally ori- The chain of processes leading to photoluminescence

ented research, the complex physical processes active in en- . .
. . as as the first step the generation of free electrons and holes,
ergy transfer from excitation in the entrance channel to ligh

emission in the output channel are investigated. Stimulateffr equal concentrations, with ra@ by the incident light.

by the prospects of practical application of this light source, e? carriers can (?ombme n a.second—order_process W't.h rate
erbium in silicon, which emits at a wavelength of 1 & v,N< into free excitons. Trapping of the excitons at erbium

sites is proportional to the concentrations of the free excitons

IS a.promlnent system. In a c.urrently. a(?cepted mpdellener_ggnd the available free erbium sites. The latter concentration
fed into the system leads to light emission by erbium ions in

. N o ... IS given as the total concentration of erbiurg, multiplied
a multistep process. Radiation incident on the silicon, with . : .
: bg/ the fraction of free sitep(ng,—ny,)/Ng]. The energy is
photon energy larger than its bandgap, creates free GIeCtro?ransferred to erbium fcore electrons with a transfer time

nd holes. Fr rrier mbine into excitons which can . . . . . ; -
and holes. Free carriers combine into excitons ch ca b?* but again only to the erbium ions still available in their

trapped at the erbium ions. The energy of erbium-bound ex- round state, i.e., to the fractidifng,—n&)/ng,]. At high

citons is transferred to erbium ions and results in excitatiorgxCitation ower level these fractions between square brack-
of 4f core electrons from thél 5, ground state into the X d

4 . e . . ets tend to zero and lead to saturation of the luminescence
I 13> excited state. The characteristic luminescence is pro-

duced upon decay of excited erbium ions. In the presen?Utpm' This manifestation of saturation is related to exhaus-

: . . . . t|f)n of available erbium centers. Finally, luminescence is
report this chain of processes is analyzed in a mathematica

model with the aim of giving a quantitative description. p£OQUced by the decay with time constagtof erbium ions
ng, in the excited state. The photon emission rate equal to

ng /74 is the quantity measured in the experiment.
Reverse processes, as indicated in Fig. 1 by arrows that

2. PHOTOLUMINESCENCE MODEL point to the left, are thermally activated. They include the
dissociation of excitons into free electrons and holeg
requiring energy gain ot,, the release of excitons from

The physical model mentioned above, which we exam-erbium trapping sitesfn,,, and a back transfer process in
ine in this paper, is illustrated in Fig. 1. In a recent paper bywhich an erbium-bound exciton is recreated from an excited
Bresler and co-workers the model without the Auger pro-erbium ion. Although these reverse processes hamper the
cesses has been put on a mathematical BaSiset of rate  energy transfer toward light emission, they do not remove
equations was formulated for free electrons with concentraenergy from the chain. The coefficients of forward and re-
tion n, free excitons with concentration,, erbium-bound verse processes are related by considerations of detailed bal-
excitons with concentration,,,, and erbium ions in the ex- ancing.

2a. Energy transfer without Auger processes

1063-7826/99/33(6)/5/$15.00 598 © 1999 American Institute of Physics
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laser light in|  free
N\ "—+Pelectrons
G n
i
v
ynZ FIG. 1. Two-stream model for the photoex-
citation of erbium luminescence showing
1 generation and loss of free electramsfree
Yxnz CT]1anEr T]znxb/‘[* er,blum excitons n,, erbium-bound excitong,,,,
- |Ig ht and erbium ions in the excited statg,. No-
-}free » erbium » excited out ;ation: 7= (e M) Mg, 72= (Ngr— NE)
. Ng,.
. bound erbium =
excitons . : B YA
excitons ions
n * *
—r X < No Ner Ner /14
* *
fn, cf o N, ne, i/t
/ n *
nx Tx CAxnnxb CAErnnEr
Energy is permanently lost by processes which remove  p,=1+cng7y, (5b)
energy irreversibly from the chain. Such processes, as indi-
cated in Fig. 1 by vertical arrows downwards, are recombi-  02=yx7xC7q[1+ (7% /74)]/y, (50
nation of electrons and holes via other centers, with the rat
yn?, and recombination of free excitons directly or via alter-
native centersn,/r,. The Auger processes represented in  Cy,= y,7C7q/ Y. (5d)

Fig. 1 remove energy irreversibly from the luminescence . . .
g 9y y In general form, the equation predicts saturationfat

path. . - : - L
The balance equations based on these processes are the levelng/ng~ C%/bz for h'gh exc_:ltfnon power Ieved_s.
For low power a linear relationshipg/ng=(c,/bg)G is
G+fne=yn®+ y,n?, (1) predicted. In comparing experimental data with these model

equations one must be aware that neither generation power

nor output luminescence is known very well in absolute

numbers. For example, the volume in the sample where ex-

citation takes place is not well defined. For this reason it is

useful to eliminate these uncertain factors by resorting to

3) relative units. As regards luminescence intensity, the obvious
unit for normalization is the saturation valwg/b,. A di-

and mensionless normalized intensity is therefore introduced as

Mol (Ne— NE)/Ng ]/ 7 =NE ) mg+ Nk f /7% (4) IE(r)’E‘,/nEr)/(czlbz). For the _excitation power the gnit is_
obtained as the value at which the extrapolated linear in-

The generation terms are given on the left-hand sides ofrease at low power crosses the saturation level. This occurs

these equations; loss terms appear in each case on the right-G,=b,/b,. The normalized poweP=G/G, is again a

hand side. An exact solution for the equations, in the form OHimensiomess quantity_ In terms of normalized units @1

a quadratic equation far%,, is given by Bresleet al’ The s modified to

result takes a more simplified form by the restriction to low 5

temperatures, e.g., liquid-helium temperature, when all re- 1“—a(1+P)l+aP=0, 6

verse processes, which require thermal activation, are sUpghere

pressed. Under these conditions, whieaf,,=f,;=0, we

yxn2+ CypNupNyx= gl (Ng— Nyp)/Ngf]
+fn,+n, /7y, (2
cnyngd (Ng—Nyp)/Ng ]+ n.}IérfllT*

=Nyl (Ng— nEr)/nEr]/T* + CfypnypNy,

Obtain aEbobzla()CZ. (63,)
ao(nt/ng)?—(bo+b,G)(nE/ng) +¢,G=0, (5) It turns out that the dependence of intendityn generation
where powerP is governed by one parameteythrough which the
specific aspects of the luminescence process as a whole are
ag=1+cngn[1+(7/79)], (5a) represented. However, from E) it is easily concluded
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FIG. 2. Normalized luminescence outduplotted as a function of normalized laser power inpug) for a model without Auger processes, for a model
including strong Auger decay processes. Experimental data for three samples biztgigEr, Cz-Si:Er, andCz-Si:Er,O are given for unit poweP=1.

that for low powerl =P, and for high powet =1, irrespec-
tive of the value of the parametes In normalized form the

Palm et al? Erbium-bound excitons can dissipate their en-
ergy in an Auger process with the involvement of free elec-
parametersa,, by, b,, andc, or in basic, more physical trons. Similarly, erbium ions in the excited state can decay in
form vy, vy, ¢, 74, ™, and 4 have no effect on the power an Auger process also with conduction band electrons. These
dependence in the low and high power regions. Only at inprocesses are also shown in Fig. 1. In the balance equations
termediate power, i.e., &~ 1, the results will depend on.  they are implemented by including on the loss side the Auger
Only in the transition region from linear increase to satura+atesca,nn,, andcgNng,. The extended balance equations
tion the observed luminescence provides insight into the lufor bound excitons and excited erbium ions become
minescence process. The most typical value to study the lu-

minescence mechanism is therefore at poRerl. At this  CMxNed (Ner—Nkp)/Med + N f1 /7%

level the luminescence intensity is given by

=Nypl (Ng— nEr)/nEr]/T* + CfxpNyxpNx+ CaxNyp 8)
l=a—(a?—a)'? (7)
and
From the equalitya=bgb,/agc, and the parameters as
given by Egs.(58—(5d) one concludes that2a=<o. For N[ (Ng—NEY/Ng )/ 7 =ng/7q+ngf1 /7% +Cpgnng,.  (9)

such values ofx solutions from Eq.7) always exist. For
a=1 we obtainl(P=1)=1 and for a=> we havel (P

=1)=0.5. The range of possible luminescence intensities at a th ical val lude that the | £
unit powerP=1 is restricted between 0.5 and 1, consistent™!'NY the numerical vajues, we conclude that the 10ss ot free

with Eq. (6). The limiting curves for an extended power eIectrops and h0|e52's domlnateq by thelr recomplnatlcgn via
range are drawn in Fig. 2a traps with the rateyn®. The loss via exciton formatiom,n
Experimental data are also shown in Fig. 2a. They resullLs_t_comptzratlvely m;mh Igwer, '('jeal{x< y.bUnder SECZ (':Otn_tvv
from measurements at liquid-helium temperature on threéjI lons the energy transter model can be cascaded Into two
samples with different specifications. The sanfpteSi:Er is parts. In stream | the balance of electrons is considered sepa-
float-zoned silicon implanted with erbium. Sample Iabeledratetz_Iy b)_/ E_q.(l). ;—h.e |$]§S of e_zle(;trons trXtOlljgh fXC'ton ftor-
Cz-Si:Er is Czochralski silicon which is similarly implanted. mation IS -ighored in this mainstream. ow temperature

In order to solve the new set of equatidds, (2), (8), and(9)
is helpful to introduce appropriate simplifications. Consid-

The third sample, labele€z-Si:Er,O was codoped with this leads to

oxygen by implantation. In all cases the luminescence inten- g— yn?, (10)
sity was measured as a function of excitation power. Experi-

mental data are plotted for normalized power1 at the n=(G/y)2 (11)

observed valuek~0.22. Obviously, this is outside the range

of the results as can be described by the model. The electron concentration obtained from this solution is

used to describe the Auger processes. Typical numbers are
G=10?cm 3s7!, y=10Ycm’s !, andn=10"%cm 3
In energy stream Il the balance of free excitons, bound
One has to conclude that the presented model canna&xcitons, and excited erbium ions is considered separately.
give a quantitative description of the luminescence processSolution of the equations leads to a cubic equation in
In order to improve the model energy losses through Augenf/ng,, which, accepting an approximation, can be factor-
processes may be considered, as has been explored beforeibgd to yield a quadratic equation

2b. Energy transfer with Auger processes
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an+a G1’2+a G n* n 2_ ba+b Gl/2 LASER POWER (mW)
(aptay 2G)(NE/Ng) = (bo+ by 1 10 100 1000
+0,G +byG¥?) (nf/ng,) +¢,G=0, (12) A -
ap=1+cngnl 1+ (7%/79)], (123 et
lﬁ 0.235
a1 =[(1+CNg7y) CagrTa+ 2CNg7x Z 0100
o E
X (7% 79)Cagrmall v (12b) = g |
[ 3 '
N
ay=Ccng (71 79) (CagrTa) ? Y, (120 2 ! j Cz-Si:Er,0
Z o010F ' -
bg=1+cng7y, (120 S E ! 3
by =(1+CNem) (Cagmat Caxm™ ) ¥M2 (120 |
b, ={(1+CNgTy) CarTaCAxT" + YxTxC Ty 0.001 sl bl il
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X [1 + (7_* / Td)]}/ Y, (12f) NORMALIZED POWER
FIG. 3. Photoluminescence intensity, in normalized uhitss a function of
— 3/2
b3= Y CTaCarTa( 7 Tg) ¥, (129 applied laser excitation power, both in uni&sof laser power and in nor-
d malized unitsP for the sampleCz-Si:Er,O. Experimental data points and
an theoretical curve according to E(L4) with the parametep=2.25.
Co=yyTxCTqly. (12h

At a low power level the model equations reflect the linear _ 12
increasent,/ng,=(c,/by)G, just as before. At high power, 1=P/(1+BPTHP), (14)
however, the consistent solutiotf,/ng,= (c,/bs)/GY? pre-  where

dicts decreasing luminescence intensity with increasing exci- _ 112

tation source. Such behavior is to be expected since in our £=Db1/(bob2)™, (143
case two independent saturation mechanisms are active. TRé
first one drives the concentration of erbium-bound excitons, B=(CagiTg+Cacr )/
Nyp, toward the concentration of available erbium ions but is ' X

limited to stay below or become equal to this concentration. X[CagrTaCax™ + ¥xmxCTg/(1+Cngm) 1% (14b)
The second saturation mechanism is the combined action ?jnder the assumed condition of strong Auger effect it re-
the two Auger processes. At high power, and hence higlauces to

concentrations of free electrons, the Auger mechanism,

which removes excited erbium ions nonradiatively, is very 8= (Cagra+ Cax™ )/ (CagrTgCax™) "2 (149
effective. This results in a reduction of,, which becomes

proportional to It or 1/GY2. Such a decrease has not been

observed in our experiments; it has also not been reported in 8= (CagrTa/Cax7 ) 2+ (Cax7* ICagTa) 2. (149

the literature. |nSpeCti0n of the equations shows that ONRAg usual, the power dependence of the luminescence has
should expect the decrease to set in at excitation valuggear increase at low power with= P and saturates at high
wherecag, (7™ /74)(G/y) Y>> 1. Considering the numerical power atl =1. Features of the luminescence process are re-
values(Cag~10 *cm’-s7t, 7 ~10°s), this corresponds vealed at intermediate power, e.g., Rt=1, wherel=1/
to high values ofs near and above 20cm™3.s™, which are (21 g). In general, the parametgrwill be positive follow-
not reached in actual experiments. This can be attributed thg Eq. (14b); for the case of strong Auger effe@=2, as
the small value of £*/74) sincer* is in the range of micro-  follows from Eqs.(140 and(14d. Figure 2b illustrates the
seconds ane is on the order of several milliseconds. Intro- cyrves obtained from Eq14) for =0 andB=2. Compared
ducing the approximation*/74~0, Egs.(12) reduce in o the previous case, without the Auger effect, the transition
many respects to Eq$6). In particular, the tembsG¥2in  region between linear behavior and saturation is broader, be-
Eq.(12) is lost and the equation predicts saturatiooAh,.  cause of the appearance of tR&? term as a result of the
For low and for high power levels the solution of Eq. Auger effect.
(12 is Considering again the experiment, the measured data for
* _ 112 the luminescence power dependence for sar@@esi:Er,O
NedNer=CoG/ (b D, G+ b,6). (13 are plotted in Fig. 3. The solid curve is the best fit using Eq.
This result is also valid for intermediate power if the Auger (14) with the paramete=2.25. Similar fits were also made
processes are strong. Following solutid8), one has satu- for the sample§ z-Si:Er andC z- Si:Er; the parameter values
ration atc,/b,, linear increase at low power witlt{/bg) G, are then=2.63 and 2.73, respectivelyThe data points for
and G;=bgy/b,. Casting Eqg.(13) in terms of normalized the three samples f&?=1 andl =1/(2+ B) are also plotted
units, as before, the result will read in Fig. 2b. The results for the three samples are similar with
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B=2.5+0.25. With Eqg. (140 the result is converted to cent centers in the three materials has very little influence on
(CagrTalCax™ ) "1~ (4+1). This compares favorably with the effi_ciency of the photoluminescence process.
the data published in the literature, €.g.Cag This work was supported in part by the INTAS-RFBR
=10 2¢cm?.s7L, 74=103s, cp =10 %cm.s%, and (Grant 95-0531
=4x10 %s (Ref. 2. From our analysis we conclude that ‘M. S. Bresler, O. B. Gusev, B. P. Zakharchenya, and I. N. Yassievich,

. - . : Phys. Solid Stat&8, 813(1996.
CAF’Td/CAXT IS V.ery similar for thrge kinds of te.SI materlals' 2J. Palm, F. Gan, B. Zheng, J. Michel, and L. C. Kimerling, Phys. Rev. B
This can be attributed to an accidental combination of pa- 54, 17603(1996.

. . 3 i

rameters, but one is tempted to believe that all process pa-P- T- X- Thaoet al. (to be publishey

. . .
rameters, i.eCagr, 7, Cax, @nd7™, have similar values. In Published in English in the original Russian journal. Reproduced here with
this case the possible difference in structure of the luminesstylistic changes by the Translation Editor.
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The results of an investigation of the donor centers in Czochralski-grown silicon ion-implanted
with rare-earth impurities of Dy, Ho, Er, and Yb are presented. The formation of three

groups of dominant donors with ionization energies less than 0.2 eV in silicon after annealing at
700 and 900 °C is discussed. The shallow donors Bt—40 meV are interpreted as

thermal donors containing oxygen and intrinsic defects. The two other groups of donor states are
identified as centers containing rare-earth ions. 1899 American Institute of Physics.
[S1063-782629)00406-9

Impurities of rare-earth metals in silicon are unquestionfrom 1 to 1.3 MeV. The postimplantation annealing of the
ably of interest from the physical standpoint as suitable obsamples was carried out successively in two stagesh
jects for studying the behavior of lanthanide ions in group-1Vlasting 30 min at T=700 and 900°C in a chlorine-
semiconductors with pronounced covalent bonding. Theontaining atmosphere. The radiation damage in the surface
most thoroughly studied among them is the erbium impuritylayer of the samples after implantation healed mainly in the
with a characteristic photoluminescence band at a wavefirst stage of annealing. A dopedtype layer with a thick-
length near 1.54¢m, which allows us to regard such a semi- ness of about 0.5um formed in this stage on thp-type
conductor material as promising for use in optoelectronics. silicon substrate. Measurements of the electron concentration

Silicon is most often doped with erbium by ion implan- in this layer were performed by the Hall method in the tem-
tation followed by thermal annealing at temperatures abov@erature range from 20 to 300 K using the van der Pauw
700 °C. However, until recently the information on the local configuration. The  higher annealing temperature
centers in Si:Er appearing during such a doping procedur€T=900°Q was selected because, according to the litera-
was confined mainly to data from deep-level transient specture data for erbium-doped silicon, just this temperature is
troscopy(DLTS) (see, for example, Refs. 1%3The limited  most suitable for the formation of erbium-related centers
information, in turn, hampered the detailed examination ofwith a characteristic photoluminescence band at a wave-
the excitation and relaxation processes of erbium-relatetbngth close to 1.54.m (see, for example, Ref.)6The n
centers, as well as precluded correct estimation of their effiversusT plots were analyzed using the corresponding elec-
ciency. The existing gap in the investigation of shallowertroneutrality equations, which permitted determination of the
donor states in erbium-doped silicon was successfully fillecconcentration and ionization energy of local centers at a
only very recently as a result of systematic Hall measuredepth of less than 0.2 eV from the conduction-band edge.
ments, which provided information on the concentration andrhe experimental data and a detailed analysis ofrntfiE)
ionization energy of such donor centérsThe introduction  curves will be presented in a separate paper. In this commu-
of other dopants from the lanthanide seri@y and HQ nication we present only the main results for silicon doped
made it possible to preliminarily identify impurity centers with rare-earth impurities at a maximum dose of implanted
with ionization energies less than 0.2 &\n the present ionsD=1X10"cm 2.
work ytterbium was added to this impurity series, permitting ~ Among the donors with small ionization energies ap-
more reliable disclosure of the dominant tendencies in th@earing in the dopead-layer after annealing at =700 °C,
variation of the properties of the respective donor centershree groups of dominant centers can be identifisde
along the series DyHo— Er—Yb. Fig. 1.

The original samples with a thickness of 1 mm were cut  The first group consists of shallow centers, whose donor
from various ingots of Czochralski-growmtype silicon(CZ  states range from 20 to 40 meV. Their total concentration
Si). The oxygen concentration ranged fromx20' to  depends both on oxygen concentration and on irradiation
1x10'® cm™3. The concentration of shallow acceptgt®-  dose. According to their properties, these centers are similar
ron) in the samples varied from>810' to 2x10'° cm™3;  to thermal donors, i.e., small electrically active oxygen pre-
the degree of compensation was less than 0.3. The lamipitates which appear in silicon with an oxygen concentra-
thanides were introduced by implanting ions with energiegion of about X 10'® cm™2 during thermal treatment at

1063-7826/99/33(6)/3/$15.00 603 © 1999 American Institute of Physics
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FIG. 2. Distribution of donor centers with respect to their ionization energy

for CZ Si ion-implanted with Dy, Ho, Er, and Yb impurities after annealing
at T=900 °C. The implantation doses webd Dy, Ho, Yb)=1x 10" cm~?
andD(Er)=1x 10" cm~2 with additional implantation of oxygen at a dose
D(0)=1x 10" cm™2 (the energy of the oxygen ions was 0.17 MeVhe
dotted lines join the experimental points for clarity.

FIG. 1. Distribution of donor centers with respect to their ionization energy
for CZ Si ion-implanted with Dy, Ho, Er, and Yb impurities after annealing
at T=700 °C. The implantation doses welkgDy,Ho, Yb)=1x 10" cm™?
andD (Er)=1x 10" cm™? with additional implantation of oxygen at a dose
D(0)=1x10" cm™2 (the energy of the oxygen ions was 0.17 MeVhe
dotted lines join the experimental points for clarity.

the positions of the levels in the first two groups of donor

T=600°-700 °C(see, for example, Ref.)7However, there centers do not undergo appreciable changes for any of the
is one significant difference between the annealing of im+are-earth impurities, and only their concentrations decrease
planted layers and the ordinary thermal treatment of siliconsignificantly(compare Figs. 1 and)2However, the situation
although Czochralski-grown silicon is involved in both is different for the deep centers with an ionization energy
cases. The precipitation of oxygen in the former case takegreater than 0.1 eV. In the case of Dy and Ho impurities, the
place in the presence of a large concentration of intrinsipositions of the corresponding donor levels remain essen-
defects, which play the role of nucleation centers for thetially unchanged, although their concentrations decrease
precipitates and appear in their composition. In our opinionsomewhat. Conversely, for an erbium impurity in silicon, the
this situation accounts for the significantly higher rate ofdisappearance of the donor statesEat-(117+5) meV
formation of thermal donors, as well as their higher stabilityalong with the appearance of other donor states at
compared to the analogous oxygen-containing thermal dd=.—(145+5) meV in a roughly equal concentration in re-
nors appearing during the ordinary thermal treatment of silisponse to the rise in temperature is notable, i.e., we may be
con (see also Ref. 8 in this regardNo explicit dependence dealing with transformation of the centers. The interpretation
on the type of rare-earth impurity was discovered for theof the data for the ytterbium impurity presents definite diffi-
shallow donors. In the case of CZ Si:Yb there is a featureculties because the analysis of the experimem{@l) curves
which calls for further study. at T>200 K is not as reliable for centers with an ionization
The second group of donor centers has ionization enerenergy greater than 150 meV as for the rare-earth impurities
gies from 60 to 80 meV, depending on the type of rare-eartltonsidered above, and, in principle, a similar transformation
impurity. The portions of the(T) curves corresponding to of donor centers may also take place when the annealing
the ionization of these centers are described well by onéemperature is raised froi= 700 to 900 °C.
ionization energy for a given type of impurity; therefore, we Thus, three groups of dominant donor centers have been
assume that they are centers with a single donor state.  discovered in the present work in Czochralski-grown silicon
The third group of donor centers have ionization enerdon-implanted with rare-earth impurities of Dy, Ho, Er, and
gies greater than 100 meV. Although the ionization energie¥b. The shallow donor states with ionization energies from
of the corresponding levels are determined to a lower accu20 to 40 meV have been interpreted as thermal donors con-
racy in this case than in the case of the shallower levels, thetaining oxygen atoms and intrinsic defects. The two other
still display the same law of “level deepening” that is ob- groups of donor centers with ionization energies from 60 to
served for centers with ionization energies in the range fron80 meV and above 100 meV have been identified as centers
60 to 80 meV along the series Dy,HeEr— Yb. Thus, it can  containing impurity atoms of rare-earth elements. It has been
be concluded that the donor centers under consideration alsthown that raising the temperature of the postimplantation
include impurity atoms in their composition. anneal fromT=700 to 900 °C leads to significant transfor-
When the annealing temperature is raised t6900 °C,  mation of the deep centers in erbium-doped silicon with the
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The redistribution of Er during its implantation in silicon at doses close to the amorphization
threshold and its subsequent solid-phase epitd®€BB crystallization is investigated.

The formation of a buried amorphous)(layer is discovered at Er doses equal t& B0** and
1x10** cm~? using Rutherford backscattering. The segregation of Er in this case takes

place inwardly from the two directions corresponding to the upper and lower boundaries of the
buried alayer and leads to the formation of a concentration peak at the meeting place of

the two crystallization fronts. A method for calculating the coordinate dependence of the
segregation coefficiert from the distribution profiles of the erbium impurity before

and after annealing is proposed. Tkig) curve exhibits a drop, whose width increases with
decreasing Er implantation dose. Its appearance is attributed to the nonequilibrium nature of the
segregation process at the beginning of SPE crystallization19€@9 American Institute of
Physics[S1063-782809)00506-3

The concentration profiles of silicon layers implanted —1x 10 cm™2 on the High Voltage Engineering Europe
with ions of the rare-earth element erbium at doses exceed&2MV facility in a substrate of single-crystal Czochralski-
ing the amorphization threshold exhibit considerable variagrown p-type (100) silicon with a resistivity of X)-cm.
tion during annealing at 600—850 °C, at which the diffusionSome samples were also implanted with oxygen ions to a
coefficients of Er in both the amorphous and single-crystatlepth corresponding to the range of Er ions at a dose 10
phases are negligibfe? These changes are due to segregatimes greater than the Er dose. After implantation, anneals
tion of the impurity at the moving boundary between thewere carried out at 620 °C fdl h in achlorine-containing
amorphouga) layer and the single-crystét) substrate dur- atmosphere. The concentration profiles of Er across the
ing solid-phase epitaxidSPB crystallization. The character thickness were determined by secondary-ion mass spectrom-
of the redistribution of Er depends on the implantation con-etry on a Cameca IMS 4f system. The appearance of an
ditions: target temperature, implantation energy and doses-layer, its thickness, and its position were determined by
and additional implantation of an oxygen impurit§.The  recording the Rutherford backscattering of 230-keV protons.
concentration profiles of Er after SPE crystallization of the At low Er implantation doses up tB=3x10" cm 2
skin layer of a-silicon are described by the quantitative the backscattering spectra of the channeled ions do not con-
model in Ref. 5, whose parameters are the width of the trantain a signal of an amorphous phase. At Er doses in the range
sition layer and the segregation coefficient, which depend8x 10— 1x 10 cm™? the appearance of an amorphous
on the coordinate. Under definite implantation conditions thgphase with preservation of the surface layer in the single-
amorphous layer can be buried and separated from the surrystal state is observedFig. 1, curves2 and 3). At doses
face by an intermediate layer of single-crystal silicon. Suchabove 4x 10" cm™? the single-crystal layer near the surface
conditions are realized, for example, in the technology usedanishes, and the-layer becomes continuous.
to create SIMOX structures for microelectroffickiring the At low implantation doses in the rangD=(1-3)
implantation of oxygen ions at fairly high energieg€ (X 10" cm 2 the distribution profiles of Er after the anneals
>200 keV) and doses~1x 10 cm 2). The formation  scarcely differ from the original profiles. An appreciable dif-
of a burieda-layer has also been observed following theference appears at a dose ok 0'* cm 2, which corre-
implantation of Er ionsE=0.5 MeV,D=1x10*cm™?) in sponds to the expected critical dose for the amorphization of
(100) Si with a target temperature equal to 200(Ref. 3. silicon by Er ions with a mass of 16Ref. 7). At doses equal
The redistribution of Er during subsequent rapid thermal anto 5x 10' and 1x 10'* cm™? the segregation of Er begins
nealing in this case differed significantly from the case offrom two sides, which are positioned asymmetrically relative
implantation at 20 °C with am-layer reaching the surface. to the distribution maximum of the impurity at=R,,

The purpose of the present work was to investigate thevhere R, is the mean projected rang&(=0.4 um when
features of the segregation of Er during the SPE crystallizaE= 1.2 MeV) (Fig. 2, curve?). It is directed into the interior
tion of buried silicon layers amorphized by ion implantation. of the burieda-layer and leads to the formation of a concen-

The implantation of Er ions was carried out at roomtration peak at the meeting place of the two crystallization
temperature with energies of 1.0, 1.2, and 2 MeV and doseBonts. In the case of combined implantation with oxygen,
close to the amorphization threshold in the range1D™® the redistribution of Er is appreciably weaker, and the posi-

1063-7826/99/33(6)/4/$15.00 606 © 1999 American Institute of Physics
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tion of the segregation concentration peak shifts toward thenly toward the surface, providing evidence that thkayer

maximum of the Er and O concentratioffsig. 2, curve3).
According to the data in Ref. 4, when the Er dose is in-
creased to % 10" cm 2, the erbium impurity is displaced
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FIG. 2. Concentration profiles of Er in(@D0) after the implantation of Er
ions (E=1.2 MeV,D=1x10*cm?) (1, 2) and O' ions (E=0.17 MeV,
D=1x10% cm 2) (3) before(1) and after(2, 3) annealing.

reaches the surface.

At implantation doses equal to>510'® and 1x 104
cm 2 the segregation peak of Er is located at a distance of
~0.7R, . This is attributed to the location of the midplane of
the burieda-layer at a distance of (0.75-0.8)R, from the
surface, in accordance with the distribution of the loss maxi-
mum and, accordingly, the radiation defects for heavy fons.
The additional implantation of oxygen ions leads to displace-
ment of the segregation peak toward the concentration maxi-
mum of Er and O to a distance of (G-8.85)R,,. This result
is attributable to the decrease in the crystallization rate of
a-Si under the influence of the electrically inactive oxygen
impurity >1° We note that in Ref. 2 the position of the seg-
regation peak essentially coincided with the midplane of the
buried a-layer and with the maximum of the original distri-
bution of Er R,=0.16 um for E=0.5 MeV), probably due
to the specific features of the distribution of the radiation
defects in the heated target.

Thus, when structures with a burieatlayer are an-
nealed, SPE crystallization takes place not only on the lower
a/c boundary with the single-crystal substrate with advance-
ment toward the surface, but also on the upphr boundary
with the surface unamorphized single-crystal layer with ad-
vancement into the interior of the substrate. For this reason,
the quantitative model of the segregation of Er that we de-
veloped for a surface amorphous layenust be supple-
mented by a second crystallization front moving into the
interior of the substrate. In this case a change from zone
crystallization to a directional process occurs when the upper
(1) and lower(2) crystallization fronts approach one another
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to within a distanceb=L,+L,, whereL, andL, are the

widths of the corresponding transition layers. The inverse

problem of finding the segregation coefficidi) from the

concentration profiles of Er in the implanted layer before and

after segregation was solved for constant values ofind
L,.

For zone crystallization, as long &s=L,+L,, the seg-
regation coefficient can be found by integrating Eq.of the
model in Ref. 5

dC;  Co(y)—KkCy(y)
dy L

D

wherey is the current thickness of the zone-crystallized layer

measured from the initisd/c boundary,Cy(y) is the initial
distribution of the impurity in the amorphous layer before
annealing, an,(y) is the current concentration of the im-
purity in the transitiora-layer of widthL (L, or L,). After
integrating(1) with consideration of the equality

C(y)=kCy(y), 2)

where C(y) is the concentration of the impurity in the re-
crystallized layer after annealing, and the conditienl for
C(y)=Cy(y), we obtain

LC(y)
Qo(y+L)—Q(y)’

whereQq(y+L) andQ(y) are the quantities of the impurity
in layers of thicknesy+L andy, respectively, before and
after crystallization.

Whenb=<L,+L,, the segregation coefficient for direc-
tional crystallization can be found from E) of the model
in Ref. 5:

dCa(2)
dz

wherez is the current thickness of the directionally crystal-
lized layer measured from,—L 4 or x,+L,, wherex, is the
meeting point of fronts 1 and 2. Taking into account the
equality C(z) =kC,(z) and representing the derivative in a
finite-difference form, we obtain

k(y)= )

Ca(2)
L=z

(4)

B L-z—Az
M=% Cz—pp ®
Kz—hz) C 22

whereAz is the increment along.
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FIG. 3. Dependence of the segregation coefficient of Er on depth for profiles
2 (curvel) and 3(curve?2) in Fig. 2.

SPE crystallization and its increase in the later stage of SPE
crystallization. This finding can be associated with the for-
mation of Er—O complexes and a decrease in the crystalliza-
tion rate in the presence of a high concentration of the elec-
trically inactive oxygen impurity.

One special feature of the Er concentration profile for
bilateral SPE crystallization at a relatively small implantation
dose is the relatively large distance between the maximum
and the minimum at the break on the concentration profile
near the original lowea/c boundary(Fig. 2, curve2). This
distance increases with decreasing Er dose from gd5or
D=2x10' cm 2, according to the data in Ref. 4, to 0.14
um for D=5X10"—1x 10" cm™?, according to the data
from the present study. In this region the segregation coeffi-
cient decreases from 1 to the valuelgfon the coordinate
dependence df(x) found in Ref. 5 and is not described by
that dependence. Such behaviork¢k) can be attributed to
the nonequilibrium character of segregation at the beginning
of the SPE crystallization process, when the formation of a
transition layer with an increased diffusion coefficient takes
place. This process is slower for thdayers with low defect
densities formed at small Er implantation doses near the
amorphization thresholdd=D,) than for thea-layers with
higher defect densities formed at large doses-0,).

Thus, we have investigated the redistribution of Er dur-
ing the SPE crystallization of buried amorphous layers. Seg-
regation with convergent motion of the crystallization fronts
leads to displacement of the Er distribution profiles within

The segregation coefficients were calculated as a funahe burieda-layer with the formation of a segregation con-

tion of depth using formulag3) and (5) for the Er profiles
shown in Fig. 2. The values of the widths of the transition
regions were taken from Ref. 4;;=L,~50 nm for the im-
plantation of only Er ionsE=1 MeV) andL,;=L,~16 nm

centration peak near the midplane. Combined implantation
with oxygen ions lowers the erbium concentration at the seg-
regation peak and displaces it toward the maximum of the
distribution of Er and O. A method for calculating the de-

for the combined implantation of Er and O ions. As can bependence of the segregation coefficient on depth is proposed.
seen from Fig. 3, at the beginning of the crystallization pro-The drop on the&(x) curve at the beginning of SPE crystal-
cess there is a drop in the value of the segregation coefficietization is attributed to the nonequilibrium character of seg-

from 1 to (2.5-5)x 10" 2, which subsequently gives way to
an increase ik, and the latter is especially fast in the vicinity
of the erbium concentration peaks. The higher concentratio
of oxygen in the lower part of the buriedlayer weakens the

regation in that period.

We thank E. O. Parshin for performing the ion implan-
tation. This work was performed with partial support from
the ISTC (Grant 168 and the INTAS—RFBR(Grant 95-

decrease in the segregation coefficient in the initial stage d#531).
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Influence of intrinsic point defects on the formation of structural defects and optically
active centers during the annealing of erbium- and dysprosium-implanted silicon
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The photoluminescence spectra and behavior of the structural defects in layers obtained by
implanting 1.0-1.8-MeV Er and Dy ions at a dose 0k10' cm 2 are investigated after
annealing at 1000—1200 °C for 0.5—1 h in argon or a chlorine-containing atmosphere. The
structural defects are studied using transmission electron microscopy and selective chemical
etching. The dominant features in the luminescence spectra of the Si:Er and Si:Dy layers
following annealing in the chlorine-containing atmosphere are lines associated with the formation
of edge dislocations, while the dominant features following the annealing of Si:Er and

Si:Dy layers in argon are the erbium-related lines. A comparative analysis of the luminescence
spectra of the Si:Er and Si:Dy layers shows that the highest intensity of dislocation-

related luminescence is achieved in the erbium-implanted structures. A significant influence of
intrinsic point defects on the structural and optical properties of erbium- and dysprosium-
implanted silicon is revealed. @999 American Institute of Physids$$1063-7829)00606-7

1. INTRODUCTION 2. EXPERIMENTAL CONDITIONS

One promising way to create silicon light-emitting de- The substrates used were boron-doped wafers of
P g way 9 9 Czochralski-growrp-type (100 silicon with a thickness of

vices is to dope this widely used semiconductor with rare-,q um, a diameter of 100 mm, and a resistivity of 20

earth elements, among which erbium is of greatest intérestQ_Cm Erbium and dysprosium ions were implanted at
The electronic transitions between the levels of tlfieshell 1—1.8 MeV and a dose of 2101 cm™2 on the High Volt-

in Er* are responsible for the appearance of a NarmdWage Engineering Europe K2MV facility. The implanted
temperature-independent line in the luminescence spectrugymples were annealed at 1000—1200 °C for 0.5—1 h. In or-
with a wavelength of-1.54 um, which corresponds to the der to reveal the influence of intrinsic point defects on the
dispersion minimum and the loss minimum in systems offormation of structural defects, anneals were performed in
fiber-optic communications lines. At the same time, there iSargon and a chlorine-containing atmosph‘b‘rl'me latter was
definite interest in investigations of the optical properties ofa stream of oxygen containing 1 mol % carbon tetrachloride.
structures based on silicon doped with other rare-earth ele- The photoluminescencéPL) measurements were per-
ments, particularly dysprosium, which can also be sources dbrmed at 77 K. The photoluminescence was excited by the
infrared radiation. visible radiation from a halogen lamp with a power-660

lon implantation is widely used to fabricate silicon semi- mW, which can be mechanically interrupted at a frequency
conductor devices. lon implantation results in the formationof 36 Hz. The radiation from the sample was collected by a
of radiation defects, whose removal requires a highdens and, after passage through a monochromator, was mea-
temperature anneal. Moreover, the defects which determingired by an InGaAs photodetector operating at room tem-
the structural, optical, and electrical properties of silicon lay-Perature. The photocurrent was amplified by a selective am-
ers doped with rare-ear(iRE) elements form specifically in plifier. The resolution of_the n"_nonochromator was _7 nm. The
this step. Some preliminary results regarding the defect_structural defects were mvesuggted by transm|SS|on electron
formation processes accompanying the implantation of RENCroscopy and selective chemical etching.
elements in silicon were presented in Refs. 2—5. The purpose
of the present work was to investigate the influence of the> RESULTS AND DISCUSSION
postimplantation annealing conditions on the structural and  Figure 1 shows the PL spectrum of implanted Si:Er lay-
optical properties of erbium- and dysprosium-doped silicorers E=1.0 MeV andD=1x 10'® cm™?), which were an-
layers. nealed under various conditions. After annealing in argon at

1063-7826/99/33(6)/3/$15.00 610 © 1999 American Institute of Physics
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1100°C for 0.5 h, the luminescence spectrum displays a Iinf-EIG. 2. Dependence of the density of structural defééts— Frank loops,
with a maximum at 1.53&m (curve 1). After annealing in  PfL— prismatic dislocation loop$) — edge dislocationsand the intensity
the chlorine-containing atmosphere under the samef_ the dislocgtion photol_uminesce_n_déL) on the annealing temperature of
temperature-time conditions, there are two dominant lines ifp-E" 12yers in the chlorine-containing atmosphere.
the luminescence spectrum:1 (1.525um) andD2 (1.417
um) (curve2). The presence of a fine structure in the line on
curvel is evidence that the luminescence peak of the Si:Edislocation loops, which are located mainly{ib1G planes,
samples annealed in argon is caused by intracenter transire also interstitial loops with a Burgers vector
tions of electrons in the #shell of the E?* ions! The lack  b=a/2(110). The pure edge dislocations form as a result of
of a fine structure in th®1 andD2 lines suggests that the the interaction of large, perfect loops during annealing. In-
PL peaks in the Si:Er samples annealed in the chlorinevestigations of transverse sections of the implanted layers
containing atmosphere are attributable to the presence of dehowed that the structural defects are present in layers with a
fects in the implanted Si:Er layers. The hypotheses just adthickness of~1 um. The Frank loops of small and moderate
vanced were confirmed by measuring the temperatursize are distributed fairly evenly across the entire thickness
dependence of the position of the maxima of the luminesof the implanted layers. The small prismatic loops are lo-
cence lines. It was found that the position of the maximum ofcated mainly in the upper half of the implanted layer. Mea-
the Er line does not depend on measurement temperature, sisrements of the contrast from the defects demonstrated the
is typical of intracenter transitions in rare-earth ions. At theabsence of erbium precipitates.
same time, the blue shift of the maximum of tbé line with The significant difference between the defect structures
increasing temperature closely correlates with the analogousf the implanted Si:Er and Si:Dy layers annealed in the inert
behavior of the lines in the dislocation-related luminescencéargor and oxidizing(chlorine-containingmedia can be ex-
spectrum observed in Refs. 7 and 8. Such a dependence fplained in the following manner. It is known that high-
the D lines can be associated with the recombination of pairsemperature annealing leads to the supersaturation of silicon
of charge carriers on centers belonging to the dislocationwith intrinsic point defects and that different defects domi-
formed. nate, depending on the annealing atmospfeyenealing in
The relationship between the structural and optical propan oxidizing atmosphere leads to supersaturation with intrin-
erties was elucidated by studying the structural defects in thsic interstitials, and annealing in an inert medium leads to
same samples on which the PL measurements were pesupersaturation with vacancies. The picture in implanted lay-
formed. After annealing in argon, the Si:Er and Si:Dy layersers is complicated by the fact that the interaction of the ra-
did not display etching pits in the selective etching experi-diation defects with the intrinsic point defects must be taken
ment or variation of the diffractive contrast upon electroninto account. In the case of annealing in the chlorine-
microscopy. Conversely, annealing in the chlorine-containing atmosphere the resultant supersaturation of sili-
containing atmosphere led to the appearance of several typesn with interstitials is sufficient for the formation of dislo-
of defects. Tiny etching pits of the dislocation type and nar-cation loops of the interstitial type. The absence of defects
row strips demarcated by etching pits, which are usually asfollowing annealing in argon is attributed to annihilation of
signed to stacking defects, were revealed as a result of selethe excess interstitials created by implantation and the vacan-
tive chemical etching. Transmission electron microscopycies appearing during annealing.
revealed the presence of three types of defects: Frank loops The sizes and density of the structural defects vary when
(stacking defec)s perfect prismatic dislocation loops, and the duration and temperature of the anneal in the chlorine-
pure edge dislocatiorfsThe Frank loops are dislocation containing atmosphere are varied. Variations of the intensity
loops of the interstitial type, which lie ifi111} planes and of the D lines in the PL spectrum are also observed. Varia-
have a Burgers vectdn=a/3(111). The perfect prismatic tion of the annealing conditions allows us to trace the rela-
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presence of Frank loops and edge dislocations. Detailed in-
vestigations showed that the density of these defects in the
Si:Dy layers is 1.2—1.6 times less than the density of the
same defects in Si:Er layers formed under identical condi-
tions. The intensity of the defect-related PL was also greater
in the Si:Er layers than in the Si:Dy layers. More prolonged
annealing of Si:Dy is accompanied by an increase in the
density of edge dislocations and a decrease in the density of
Frank loops. The correlation discovered between the inten-
sity of the D1 line in the PL spectrum and the density of
edge dislocations provides evidence that dislocations are re-
sponsible for the appearance of these PL lines in Si:Dy, just
as in Si:Er.

It has been established that the annealing of implanted
Si:Er and Si:Dy layers at 1050—1200°C in a chlorine-
containing atmosphere leads to the appearance of identical
structural defects. Their formation is associated with the su-
persaturation of silicon with intrinsic interstitials, and the

tionship between the structural and optical properties ofppearance of th lines in the PL spectra is caused by pure
Si:Er. We presented plots of the dependence of the density &dge dislocations. No structural defects were detected after
the various types of defects and the PL intensity on the anannealing in argon, and only the Er line is present in the
nealing time atT=1100°C in Ref. 2. In this paper we Spectra of the Si:Er layers.

present results which characterize the variation of the density We thank E. O. Parshin for performing the implantation.

of the various defects and the PL intensity of Ddines in
response to variation of the annealing temperatiig. 2).
Anneals of the Si layers implanted with Er B&=1.8 MeV
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The influence of the orientation of silicon on the structural and luminescence properties of
avalanche light-emitting diodes fabricated by the coimplantation of erbium and oxygen followed
by solid-phase epitaxidlSPB crystallization of the amorphized layer is considered. The
luminescence properties are a consequence of the formation of various structural defects during
the SPE crystallization: V-shaped dislocations and erbium precipitates fo¢hO@h

Si:Er:O layers, and larger structural defects, i.e, twins, are observed #h Si:Er:O layers along

with an increase in the dislocation density by more than four orders of magnitude in

comparison with th€100) orientation. The luminescence properties of avalanche and tunnel light-
emitting diodes are also compared. In contrast to tunnel diodes, in avalanche diodes erbium
ions are excited in the entire space-charge layer, and the effective excitation cross section of the
Er* ions and their lifetime in the excited state are 3—4 times larger.1999 American

Institute of Physicg.S1063-782809)00706-1

The functioning of Si:Er:O light-emitting diodes is based Annealing at 620 °C/14 900 °C/0.5 h led to recrystalliza-
on radiative transitions from the first excited stakg;,) to tion of the amorphous layer formed as a result of implanta-
the ground staté’l;s;) in the inner 4 shell of the E¥*  tion and the creation of erbium-containing, electrically and
ions. These transitions produce a narrow luminescence lingptically active centers. The implantation of bor@t keV
at a wavelength of-1.54 um, whose position in the spec- gnq 5x10L5 cm 2 and a postimplantation anneal
trum is essentially temperature-independent. The technolog()g00 °C/0.5 h resulted in the formation op—n junctions.
for fabricating Si:Er:O light-emitting diodes includes the for- The light-emitting diodes with a mesa-like outline for the

mation of an electrically and optically active silicon layer structure had a working area for tie-n junction equal to
doped with erbium and oxygen. The electroluminescencé 9 J q

(EL) of EF* ions is observed at room temperature whensz 5.5 mnt. The EL spectra, the rise time and decay time of
either a forward-bids® or reverse-bids 2voltage is applied the erbium EL intensity observed when rectangular current
to Si:Er:O diodes. The maximum EL intensity at room tem-Pulses are supplied to the diode, and the temperature depen-

perature is usually achieved in a breakdown regime for thélence of the Y EL intensity were investigated. The tech-
p—n junction, i.e., when a reverse-bias voltage isnology and procedure for measuring the luminescence char-

supplied® %2 In this case the EL of erbium ions is observed acteristics of the avalanche Si:Er:O light-emitting diodes
in the cases of both tunrfef and avalanche'?breakdown. were previously described in detail in our earlier
Our goal in this study was to investigate the influence of thepublications’™'2 The structural defects were investigated by
orientation of the silicon substrate on the properties of avatransmission electron microscopy. An analysis of the studies
lanche Si:Er:O light-emitting diodes and comparing thegn si:Er:0 light-emitting structures operating in a tunnel-
properties of avalanche and tunnel light-emitting diodes. ;. cokdown reginte® reveals that the fundamental deviation
from the technology for avalanche diodes described above is
the higher implantation doses for tunnel diodes less than
EXPERIMENTAL CONDITIONS 10* cm~? for Er and 18° cm™2 for O, respectively. This

Wafers ofn-type Si with a resistivity of 200-cm and ~ '€d to & higher concentration of donor centers in the optically
the (100 orientation and with a resistivity of §-cm and active S.i layer. It may also be noted that investigations of
the (111) orientation were implanted with erbium ions at tunnel diodes were performed only for(800. The charac-
energies of 2.0 and 1.6 MeV and doses of10'* cm™2, as teristics of the tunnel diodes were taken from publications of
well as oxygen(0.28 and 0.22 MeV, X10 cm ?). other researchers.

1063-7826/99/33(6)/3/$15.00 613 © 1999 American Institute of Physics
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FIG. 1. EL spectrum of an avalanche Si:Er:O diode recorded at room temfE!G. 2. Temperature dependence of the EL intensity of avalanche Si:Er:O
perature with a reverse-bias current dengigy6.3 Alcn?. diodes at\ ;21.538 pm for the (112 (1) and (100 (2) orientations of Si
(j=4.5 Alen?).

EXPERIMENTAL RESULTS AND DISCUSSION . . . .
like shape(with a diameter of~20 nm and a thickness of

Figure 1 shows the EL spectrum of an avalanche Si:Er:O-1 nm). In Si:Er:O structures with thél11) orientation we
light-emitting diode with Si111) measured at room tempera- observed dislocations with a density10'° cm™2 and twins
ture and a reverse-bias current dengity6.3 Alcn? in the  of irregular shape with effective dimensions equal to 10—350
wavelength range.~1.1-1.65 um. Apart from the sharp nm. Thus, in thg111) Si:Er:O diodes there are larger struc-
peak with a maximum at =1.538 um, which is caused by tural defects(twins), and the dislocation density is four or-
transitions of electrons from th# ,5, excited state to the ders of magnitude higher than in the diodes with (he0)
4115/, ground state of the erbium ions, the EL spectrum dis-orientation. These structural defects are probably responsible
plays emission which is nearly independenhah the trans-  for the appearance of the anomalous temperature dependence
parency region of silicon and is usually associated with tranef the erbium EL.
sitions of hot electrons within the conduction barid* A We also note that despite the considerably higher defect
series of studies carried out in the last 10 yEar§showed density, the avalanche light-emitting diodes with 11e.1)
that the emission is caused mainly by direct transitions obrientation significantly surpass the diodes with {160
electrons between the upper and lower subbands of the $rientation, primarily with respect to the uniformity of the
conduction bandA,— A ;. No fundamental differences were distribution of the emission over the area of tipe-n
observed in the spectra for the avalanche diodes withl$i  junction? Consequently, the luminescence parameters of the
and S{100), as well as for the tunnel diodes described in theavalanchg111) Si:Er:O light-emitting diodes are highly re-
literature. producible, while a considerable spread of luminescence pa-

Figure 2 presents plots of the temperature dependence odmeters is observed for t@00) orientation even within a
the EL intensity of light-emitting diodes at=1.538um for ~ single production batch of diodes.
two substrate orientations. Thd00 samples exhibit the The important characteristics of light-emitting structures
usual dependence, on which an increase in the luminescenaee the effective luminescence excitation cross section (
measurement temperature is accompanied by a decreaseand the lifetime §) of the excited states of the light-emitting
the EL intensity(so-called thermal luminescence quenching centers. These parameters can be determined from the depen-
In the case of th€111) substrate orientation, an increase in dence of the rise time of the EL intensity on the amplitude of
the EL intensity(“brightening™) is observed. As a result, the the rectangular pulses of reverse-bias current applied to the
EL intensity is higher at room temperature than at liquid-p—n junction. A method for calculating- and 7 in Si:Er:O
nitrogen temperature. We first observed this phenomenon ilight-emitting diodes under the assumption of an impact
Ref. 8. More detailed investigations of this anomalous tem-imechanism for exciting erbium EL was described in Refs. 5
perature dependence of erbium EL showed that this phenonand 6. The use of this method as applied to tunnel Si:Er:O
enon is due to the appearance of a high concentration of holdiodes in a breakdown regime at room temperature gave the
traps in the lower half of the silicon band gap in the spacevalueso=6x 107 cm? and =100 um.>® The values ofr
charge layer of thgg—n junction?® and 7 determined in a similar manner for our avalanche

Our investigations of the defects in Si:Er:O light- Si:Er:O diodes with theg111) orientation were 2.310 16
emitting layers for the(111) and (100 orientations of Si cm and 280—-39Q.s, respectively®!! We note that the val-
gave the following results. In Si:Er:O samples with tA60) ues ofo and r are 3—4 times greater in the avalanche diodes
orientation we discovered V-shapdtairpin dislocations than in the tunnel analogs. The values of the produet
with a density~10° cm 2 and erbium precipitates of plate- obtained for the avalanche Si:Er:O diodes are roughly an
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T i T L centers that were introduced, but also the orientation of the
1.0} . silicon have a considerable influence on the EL characteris-
n tics of avalanche Si:Er:O light-emitting diodes.
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The EpO; cluster in silicon is discussed as a possible source of the Er-related emission in Si:Er,
O. We propose a mechanism that gives a simple explanation of the high efficiency of Er

atom excitation in Er-O clusters. The cases of photoluminescence and electroluminescence are
considered. In the case of photoluminescence the high efficiency of Er excitation is

attributed to the electron state localized at the Er-O cluster. The excitatibahefll electrons in

Er atoms occurs via the Auger recombination of the exciton bound at the Er-O cluster. We
calculate the rate of this Auger process and discuss the dependence of the photoluminescence
intensity on the carrier concentration. In the case of electroluminescence under reverse

bias the impact excitation cross section is enhanced due to resonant scattering of the hot electrons
at the quasi-discrete levels formed by the Er-O cluster quantum-well potential. The calculated
impact excitation cross section is close to the experimental valuel989 American

Institute of Physicg.S1063-782809)00806-9

The problem of energy transfer from photo- and electrovalue 2.25 A of the Er-O bond length is, however, slightly
generated carriers tbelectrons of a rare-earth center is a smaller than the mean value 2.27 A of the bond length in the
primary consideration in physics of rare-earth-doped semiexide.
conductors. It is a complicated problem, especially in the  Terrasiet al® have obtained by EXAFS data analyses
case of complex centers involving rare-earth ions and otheslmost the same result for silicon coimplanted by Er and O
impurity atoms. In spite of numerous papers on thisafter annealing of the sample at 900 °C. In this case the co-
subject!? the nature of the excitation mechanisms of rare-grdination number of oxygen atoms is equal to 5, and the

earth centers in semiconductors has not yet been clarified. kajue in the range 2.26—2.27 A of the Er-O bond length is
this paper we propose a simple model which describes thgigse to the mean value 2.27 A in .

excitation of the Er-related emission in,Bx clusters in sili- Masterov et al,®” using °%Er(***Tm) emission Mss-

con in terms of the photo- and electrogeneration of carriersyayer spectroscopEMS), established a correlation between
The high efficiency of excitation is connected with the pres-ine Er—0 clusters and the- photoluminescence intensity
ence of the discrete and quasi-discrete electron states locgly amorphous 4-Si:H) and crystalline ¢-Si) silicon. The
ized at EpO; clusters in silicon. In the case of photolumines- \15ssbauer spectra of the silicon samples, codoped with er-

cence and electroluminescence under forward bias thgi,m and oxygen, have been compared with the spectrum of
excitation of Er ions occurs via the Auger recombination of

excitons localized at Er-O complexes. In the case of elec- z 'Igﬁe Mossbauer spectrum is a superimposition of the
troluminescence under reverse bias the electron capture aLadrupole doublefspectrum )} and singlet(spectrum 1)
hot carriers in the conduction band of silicon into the quasi- :

Spectrum | belongs to the erbium centers with low symme-
bound states of the HED; clusters leads to a large value of : .
. o . try, whereas spectrum Il belongs to the centers with cubic or
the impact excitation cross section.

almost cubic surrounding. As regards the correlation be-
tween the relative intensity of spectrum | and the intensity of
Er-related emission, the corresponding erbium centers should
be responsible for the Er-doped Si photoluminescence at the
Si“con Codoped W|th erbium and Oxygen iS the mostWaVelength of 154,Lm It is believed that SpeCtrum | corre-
studied material due to the high intensity of the Er-relatedsPonds to the complex consisting of the’Eion with the
emission. Many studié€ have shown that the optically ac- Six-0xygen environment. Spectrum Il might be attributed to
tive center in erbium-doped silicon is a complex formed as dhe erbium ion surrounded by silicon atoms only in ErSi
result of interaction between erbium and oxygen atomsgonfiguration.
Adler et al® used the EXAFS method to identify the opti- Electron spin resonand&SR has been used by Carey
cally active complex in CZ-silicon. The EXAFS analysis in- et al® to examine the structure of the Er-O complexes
dicates that more than 80% of the Er atoms are coordinatefdrmed in silicon codoped with Er and O. In order to observe
with the oxygen atoms. The first shell around the Er atomESR sharp lines for Er concentration of '4Br/cn®, it is
resembles the six-oxygen coordination in@y (Ref. 4. The  necessary to have O concentration in excess of

COMPLEXES Er-O IN Si

1063-7826/99/33(6)/6/$15.00 616 © 1999 American Institute of Physics
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FIG. 1. Schematic diagram of the quantum welj@ysin silicon: 1—Photogeneration of the electron-hole p&ir-capture of the electron at the level within
the quantum well3—capture of the hole, forming of the excitofi=—Auger process5—Er*" ion excitation;6—f — f emission.

3x 10 0/cn?. At oxygen concentrations below or equal to QUANTUM DOT MODEL FOR Er,03 CLUSTER IN SILICON

this value, only broad resonance lines are observed. Accord-

ing to Ref. 8, in samples of silicon containing Er and O inthe N our model we consider the g, cluster in silicon as
ratio 1:10 sharp ESR lines were observed. The principaft quantum dotnanoplatelet in Ref. J0with size close to the
gvalues and the paramagnetic center concentration af@ttice parameter in silicora(Er,0z)~1.05nm:* It is nec-
shown to be extremely sensitive to post-regrowth processe§ssary to add to this size the correction lengjthvhich rep-
The angular dependence of the several lines measured on tFsents an adaptation or transition length needed to change
sample codoped with #80/cn? and annealed at 900 °C for the cation coordination number frolMN =6 in Er,O; to

30 s, allowed the authors of Ref. 8 to attribute the spectrdlc=4 in silicon. According to Ref. 10, this length is about
observed to E¥ at the sites of monoclinic@,;,) and trigo-  0.12 nm. Hence, the characteristic diameter of thgOEr
nal symmetries. The principaj-values for the monoclinic dquantum dot is about 1.2 nm. As a first approximation, we
center areg;=0.80, g,=5.45, andg;=12.60 and for the assume that this quantum dot represents a spherical quantum
trigonal centerg, =0.69 andg,=3.24. The authors suggest Well with the radiusR~0.6nm in the energy scheme of
that the monoclinic center consists of art Eion surrounded ~ Si:Er, O. The depth of the well may be obtained from the
by six oxygen ions in a configuration characteristic of theband gaps of erbium oxide and silic&y(Er,03)=5.4¢€V,
monoclinic center in BOs. In fact, cubic erbium oxide oc- E4(Si)=1.17 eV (at T=0K), and the energy parameters of
curs in two forms, each with one Er atom surrounded by sixoxygen and silicon atoms. The top of the valence band is
O atoms: the monoclinicC, center and the trigonaCy  formed by 2 states of oxygen in EO; and by P states in
center’ However, the ESR studies of £rin Y,05;, whose silicon. That is why we should estimate the energiespof
crystal structure is similar to ED;, have shown that the states E,) in free O and Si atoms. Using the method of
monoclinic and trigonal centers hawevaluesg,=1.645, determination of atomic parameters which was proposed
9,=4.892, g,=12.314, and g,=12.176, g, =3.318, previously;* we obtainedE,(O)=—13.6eV andE(Si)
respectively’ It should be noted that erbium oxide is an an- = —8.15eV. Thus the valence band edge in the Er-O com-
tiferromagnetic material with the Netemperature equal to plexE,(Er,O5) lies about 5 eV below that in the bulk silicon
3.4 K (Ref. 3. In ErO; clusters in silicon the EO-Er E,(Si). The complex constitutes a weakly transparent 5-eV-
exchange bonded pairs of Erions must therefore exist. high-barrier for holes, while for electrons it acts as a quan-
These pairs are responsible for considerable distinctions bésm well U=0.9eV in depth with a discrete electron level
tweeng-values of Et* ions in silicon and those in )0, with binding energy 0.15 eV observed experimentally in
where erbium atoms are distributed in the crystal lattice ranDLTS measurements. The f-levels lie close to the bottom
domly. It should be noted that in the unit cell of erbium of the quantum well according to the band structure of rare-
oxide twenty-four rare-earth ions are at the sites with twofoldearth metal oxides. Figure 1 shows the energy scheme de-
rotational symmetry C,) and eight ions are at the sites with scribed above.

threefold rotary inversion symmetngCg;).* The electron level localized in the quantum w&ljiw)
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FIG. 2. The energy of the Er—O cluster localized electron level plotted as a
function of the Er—O complex radilR.
FIG. 3. The Feynman diagrams of the Auger recombination processes when
AE is transferred to the free carrier. The letteendf’ represent théshell
plays the role of an electron trap. The trapped electron atstates of Ere andh denote the_el_eptron aqd hole states bound to the_ Er_—O
] " . complex, anck andk’ are the initial and final states of the free carrier in
tracts, through the Coulomb interaction, the hole in the vag; ..
lence band of silicon, forming an “indirect(in space ex-

citon. The Auger recombination of the electron and the hole

will then take place, leading to the excitation of thehell  yalence states and the states of the bottom of the quantum
electrons of the E¥ ion in the EO; cluster. well, which lies close to the hole energies. The details of
Let us now estimate the ener@y, of an electron bound  these calculations were published elsewleaad we do not
to the Er—O complex using the proposed model. The electropresent them here. The boundary conditions were obtained
effective mass should be different inside and outside thgy jntegration of the differential equations for the hole radial
QW. Inside the QW we set the effective mass equal to thgyaye functions through the quantum-well border. The nu-
free electron mass), and in the bulk semiconductor we use merical calculations give the following results for the hole
the average masg, in the conduction band of silicon. There binding energies of the upper hole states localized by the
is a single, spherically symmetric electronic state with theg,_o clusterE,— E,(Si)=0.021 eV for the even state with

energy determined by the transcendental equation angular momentumd=3/2 andE,—E,(Si)=0.011eV for
me the odd state with angular momentu 1/2. Because of the
tankR)= — " (1) selection rules, the last state plays the main role in the Auger

excitation of the Er ion in the Er—O cluster. This state has the

where k= +2my(U—E)/#A is the electron wave vector in light hole nature, and the characteristic size of the hole orbit
the QW region, ande=\2m(— E.)/# is the wave function is a few times larger than the Er—O complex radius.
decay in the bulk; the electron energy is measured from
the conduction band edge in silicdf,. The result of the
solution of Eg.(1), the energy of the electron level as a
function of the quantum dot radius, is shown in Fig. 2. In the case of photoluminescence and electrolumines-
Clearly, the proposed model is very crude. The aim of thiscence under forward bias, when there are not enough hot
simulation is to demonstrate that the electron localized in thearriers in silicon, the excitation of Hrshell electrons pro-
Er-O complex with the characteristic radi®&=0.6 nm has ceeds via the Auger recombination of the exciton localized at
energy which corresponds to the position of the real electrothe Er—O cluster. As indicated above, the energy that binds
level, E,=—0.15eV. the exciton to the Er—O complekEg,=E.—E,=0.96eV, is

The localized electron attracts via Coulomb field thelarger than the transition energls; =0.8 eV, between the
hole in the valence band of silicon. We use the system ofirst excited staté'l ;5, and the ground stat8l ;5, of Er**
differential equation¥ to describe the hole motion in the ion. Thus the energy exced€ =Eg,— A ~0.2 eV should
bulk semiconductor with the degenerate valence band in thee transferred to a “third body.” Usuallysee, for example,
presence of the electric field of the localized electron. WeRef. 16 this difference is attributed to electron-phonon in-
assume that these equations describe also the hole in theraction, but the rate of this process is too small to describe
Er—O complex. Since the Er—O complex represents a weaklthe actual energy transfer from the carriers in silicon to the
permeable barrier for holes, the parameters of the valencer ions. We shall therefore consider another Auger excitation
band in the quantum well region are not essential for the hol@rocess, in which the energy excesk is transferred to the
binding energy. We therefore use the same heavy hole mag®e carriergelectrons or holgsin the host semiconductor.
value my,;, in the quantum well and in the bulk. For light Figure 3 shows the Feynman diagram of this process.
holes we take into account the nonparabolicity in the KaneNote that the electron energy in the intermediate state is
model® of the energy spectrum, caused by mixing of theclose to the discrete level ener@y. It differs from E, by

AUGER EXCITATION
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the energyAE only. Since the valuAE~0.16 eV is much Wwhich were obtained by solving the corresponding eigen-
smaller than the electron quantum-well ener$/myR? value problem for the electron and hole states localized the
~1eV, the main contribution to the Auger recombination Er=O complex, and which were described in the previous
amplitude is given by the term in which the intermediate S€Ction. The silicon conduction band is closest to the electron
state is the electron level bound to the Er—O complex. Théevel and might have the largest wave function component
given Auger recombination therefore has a resonance chafor the electron state. As was shown in Ref. 3, however, the
acter. It proceeds mostly via the discrete electron I&el ~ Overlapping integral of the valence and conduction band
In the resonance approximation we can write the Auger reBloch functions gives zero contribution fdg,. Thus the

combination amplitude as main contribution to the amplitud® ¢, provides the over-
lapping of the valence components of the eIectrWrﬁ,e() and
_ MaMg, (2 hole (¥My functions, namely, the light hole component.
AE These components can be easily written if we again use the

assumption concerning the mixing of the conduction and va-
lence band states in the Er—O complex according to the Kane
model. The details of such calculations have been described
in our previous study? Here we present the final result:

where

2

e
MA=f W (r)We(r) m W (r )W (r)drdr’ (3)
is the Auger amplitude which corresponds to the upper part Mg=6x10"2Q¢/ /er? meV. (6)
of the Feynman diagrartfig. 3), ¥, is the wave function of

the discrete electron level, and, and¥,. are the free car- contribution to the Auger matrix elemeNte, (6) is given by

rier wave functions of the initial and final states with wave .
, . . . the area of the bulk semiconductor close to the Er—O com-
vectorsk andk’, respectively. This part of the Auger ampli-

tude describes the energy transfer of the excess energy to the
free carriers. The amplitude® ¢,, which corresponds to the
lower part of the Feynman diagratrig. 3

Note that in our estimations we s@tff,/erf2~1. The main

The estimation for the amplitudd , can be obtained by
taking into account that the characteristic value of the bound
electron coordinates is~R, while the radius vector for free

carriers in silicon isr’~=x=1/k’'>R, and also that¥,
Mex= f V(N)WE () We(r)dr, ~R™ %2 and¥,~1. We have the following estimation:
e2 ? 3
V(r)=f|r_—r,|~1f:,(r’)\1ff(r’)dr’, (4) Ma=— 2% )

describes the Auger recombination of the electron and hole According to the Fermi golden rule, the probability of
bound to the Er-O complex and excitation of the Erthe Auger processes fortype Siis given by

f-electron from the ground levélto the.exited levef’ (Ref. 20 72k’ 72K2 dk  dk’

16); ¥y, and ¥, are the wave functions of the hole and W:—f |M|2fe(k)5( —AE 3 3
electron bound to the Er-O compleX;;, and ¥; are the h 2me - 2m (2m)* (2m) 8
wave functions of the Ef-electrons. Since the characteristic ®)
value of thef-shell radiusy’~r{=~0.08 nm, is much smaller wheref(k) is the free electron distribution function. After
than the radius of the electron and hole motion, we can usmtegration ovelk’ andk and substituting Eq(2), (6), and

the multipolar expansion fov(r): (7) for the Auger amplitude, we obtain
edss eQs/ [Mg,/%e*m
V(r)= =7~ P1(cos) + —5— P5(cos6), (5) W~ #Ezc(neﬁ). 9

where P, are the Legendre polynomials, adg, and Qs Herex=7%/2m.AE is the wavelength of the outgoing elec-
are the dipole and quadrupole Er matrix elements. The zergon, andn, is the electron concentration. Thus the rate of
term of the expansiorc1/r does not contribute to Eq5)  this Auger process is concentration dependent. Expression
because of the orthogonality of the Er wave functiohs (9) is proportional to the number of electrons in the reaction
and ¥ . Since thef —f’ optical transition is forbidden, the area f.x%). According to Eq.(9), the Auger pumping time
dipole matrix element is smalds; /er;=10"3, while s 7, =1MW~ 102n.t.
Qs /er?~1 (Ref. 16. Thus the quadrupole transitions turn In the p-type semiconductor the energy excess is trans-
out to be more effective in the Auger excitation ferred to the free hole. In this case we obtained the results
processe$?*® and we will consider below only the second described by Eq(9) with the replacement ofi, by n,, and
term in Eqg.(5). m. by my,,. The factor x®) is the same for heavy and light
We use the effective-mass approximation to calculateholes. The energy excess is therefore transferred mostly to
the Auger amplitude$3) and (4). We thus write the wave the heavy holes. Thus, in both cases the efficiency of Auger
functions of the electron and hole states as a composition gfumping is determined by the concentratiof the major
distinct components which correspond to the different energyarriers. Ifn=10', the time of the Auger recombination
bands¥, ,==;W{®"My,, whereu; are the Bloch functions turns out to be small enough{<10°s) to excite the ma-
of the i-band, and\Ifi(e'h) are the envelope wave functions jor part of the Er ions in the Er—O complex.
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The photoluminescence intensity is determined by the
two pairs of forward and reverse processes: Auger excitation ;3
of the Er ion in the Er—O cluster and Er deexcitation; forma-
tion and dissociation of the exciton localized at the Er—O
complex!® The time scale of the first two processes is much
larger than that of the last two. This circumstance allows us
to separate their influence on the photoluminescence inten-
sity 1. The photoluminescence intensity, in the steady
state far from saturation can be written as folloWs:

-~
e
T

-
o
T
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T
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1 T
IPL:T_N* =—Ngy, (10)
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whereNg, is the concentration of excited Er iong,g is the U810 12 14 1.6 18 2.0 22 2.4
radiative lifetime of the excitationrg,= 1\W is the time of Impact electron energy, eV
Auger_ eX_C|tat!on of Er IOU described by E@)’ TIS t_he FIG. 4. The impact excitation cross sectiofE) of Er as a function of the
deexcitation time, andNg, is the concentration of excitons incident electron energgsolid line), the partial cross section for angular
localized at the Er—O clusters. T, is determined by the momenta of the incident and outgoing electron of ueity.; (dashed ling
processes of formation and dissociation of bound excitdns: and the excitation cross sectiof of an isolated Er atondotted ling.

Ne. _ 4 2m’ —m
Ne. Er-0 (11) MitLmrm (BE)= \/?fo'

- Eo/kT ’
1+ oevence™=™' /o, G

e
whereNg,_q is the concentration of Er—O clusteks, |, are XJ 3 W (DY (Y oy —m(n)dr
the cross sections of the electron and hole capture by the
Er—O cluster,v, , are the electron and hole thermal veloci- (12

ties, n. is the effective density of states in the bottom of the yore e is the electron char
conduction bandG is the optical generation rate of electron-
hole pairs, andr; is the carrier lifetime. The dissociation of xcited statél o, of the Erf-shell, ¥, (r) and ¥, (r)

the bound exciton is connected with the thermal activation Ogre the wave functions of the incident and outgoing silicon
the captured electron back to the conduction band of S“iconelectrons,E,L,m andE',L',m are the energy, angular mo-

Thus thednumbéar of bounr(]j' ‘:lxlc't%mtx hﬁs a ;trlong tem- mentum, and its projection of the incident and outgoing elec-
perature dependen¢gl), which leads to the trivial tempera- trons, respectively. The energy of the outgoing electEbdn

ture quenchlng_ of_photolumlnesc_ence. . after excitation of Er is smaller thak by the excitation
The deexcitation of the Er ions was comprehensively,

died Vb ol |18 h hat th .~ JenergyA;s,=0.8eV: E'=E— Ay . The wave functions of
studied recently by Priolet al." It was shown that the main e gjlicon electrons were obtained as the solution of the
contribution to the deexcitation of the Er ions at temperature

L ; . _%chr"ojinger equation with the electron effective mass and
above 15 K is given by the Auger processes with the partiCizh o cluster potential described above.

pation of free carriers. Thus the deexcitation time has the The impact excitation cross section for the given energy

same_strong carrier concentration dependence;4.4 of the incident electron can be calculated by using the matrix

X 10" "/n (Ref. 18, as the eXC|tat|_on timerg, Lsee Eq.(9)]. elementg12) summed over all possible angular momenta of
Therefore, the resulting photoluminescence intensity(10) the initial and final electron states:

should have much weaker dependence on the concentration
of the free carriers than the_z t|_mes of Auger processes. Note o(E)= (0 2 Mo (E)]2.
that Eq.(10) is obviously valid in the case of electrolumines- N == Lm,f7L7m
4 L . LmL'm’ff
cence under forward bias when the excitation of Er ion alsck

gle?,‘,*m are the quadrupole
matrix elements between the ground stitg,, and the first

(13

erem is the average effective mass in the silicon conduc-

lon band. Figure 4 shows the energy dependence of the im-
pact excitation cross section. The strong maximum on the
o(E) dependence aE=E;+A,~1.6eV is due to the
resonant excitation of Er by the silicon electrons with angu-

IMPACT EXCITATION lar momentumL=1 accompanied by the electron capture

, . into the Er—O cluster resonant state with enerBy

!n the case of electrolumlngscence under reverse bias, 0.8eV and angular momentuim= 1 (Ref. 19. The partial

the impact excitation of th_e ET ons ta_\kes plac_e when ther%ross sectiowr_,; of this process is represented by a dashed

are enou_gh hot ele_ctrqns in silicon with energies above Q'ﬁne. It is clearly seen that this process dominates in the Er

ev. The impact exmtatlo_n_ occurs through the quadrupole iN%ycitation below the energy 1.7 eV. The maximadtE)

teraction between the silicon hot electr_ons dethell elecj dependence at higher energies are connected with the reso-

Frons OT Er.(Refs. 12 and 16 The matrix element of this nant states with higher angular momehta 1. For compari-

Interaction is son we plot the excitation cross sectio for isolated Er

occurs via the recombination of the bound exciton describe
here.
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concentration of the free carriers in silicon. This results in a
rather weak dependence of the luminescence intensity on the
carrier concentration.

In the case of electroluminescence under reverse bias the
suggested mechanism for the Er impact excitation in Si:Er, O
explains the role of O in the enhancement of the Er-doped
silicon diode electroluminescence. The proposed mechanism
is based on the presence of the resonance levels with nonzero
angular momentum formed by the quantum-well potential of
the Er—0O cluster. The resonance scattering of the hot elec-
trons on these quasi-discrete levels enhance the impact exci-
tation cross section.

Of course, the model used by us is rather crude and
simple but it reproduces the main features of the excitation

o~
T

o

Average. cross section, Al

[ w«
T |

-
T

I | | 1
0 0.2 0.4 0.6 0.8 7.0 . : . .-
Electron temperature, eV processes quite well and explains the high efficiency of Er

luminescence in Si:Er, O.

FIG. 5. The average impact excitation cross sectigulotted as a function )
of the electron temperatufg, . This work was supported by INTAS-RFBRGrant

N 95033).

atoms(dotted ling. In the resonant region the impact cross
sectiona(E) of Er in the cluster exceeds the cross section
o of an isolated Er atom by two orders of magnitude.
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Mechanism of erbium electroluminescence in hydrogenated amorphous silicon
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The mechanism of the electroluminescence of erbium under a reverse bias in structures based on
hydrogenated amorphous silicon is studied. Erbium ions are excited through an Auger

process, in which conduction electrons are trapped by neutral dangling bbAd=iters located

near the erbium ions. A stationary current through the structure is sustained by a reverse

process involving the thermally stimulated tunneling emission of electrons by negatively charged
dangling-bond defectd)~ center$ into the conduction band of the amorphous matrix.

© 1999 American Institute of Physidss1063-782809)00906-0

1. INTRODUCTION observed with transillumination through the crystalline sili-
con substrate. The measurements were performed in a dc
egime.

Erbium luminescence in the form of a narrow line at
.54 um was observed only when a reverse bias was applied
to the structure. The dependence of the erbium luminescence
intensityl g, and the electric current through the structure on
he electric field intensit§ at high fieldsE>1.5x 10° V/cm
tends asymptotically to an g =<E? law . The temperature
dependence of the erbium luminescence intensity for various
values of the current passing through the structure is shown
in Fig. 1.

Efficient photo- and electroluminescence from erbium
ions in erbium-doped hydrogenated amorphous silicod
(a-Si:H(Er)) have recently been observéd. The interest in
this semiconductor matrix was sparked both by the ver
simple and inexpensive method for doping it with erbium
[magnetron sputtering of metallic erbium in an atmospher
of silane (SiH) or magnetically assisted silane decomposi-
tion (MASD)] and the comparably weak thermal quenching
of erbium luminescence in it, which render this material
promising for the fabrication of 1.5&m light-emitting di-
odes operating at room temperature.

It was theorized in Refs. 4 and 5 that the excitation of
erbium ions ina- Si:H(Er) takes place through an Auger pro- 3. DISCUSSION OF THE RESULTS
cess, in which an electron from the conduction band is
trapped by a neutral dangling-bond defexb? centey, con-
verting it into a negatively charged defdetD ~ centej. The
transition energy is transferred by a Coulomb interaction to
4f electron of the erbium ion and excites it from the groun
state(*l 15p) to the first excited statél 15/,).

In a stationary regime there must be a reverse proces
which returns the defects from tiiz~ state to theD state.
The present study revealed that the multiphonon tunnelin
ionization of D~ centers by an applied electric field serves a
such a process in the case of electroluminescence. This iolfi"f‘0 :
ization specifies an increase in the electron concentration if° ) @nd negatively chargedX") states.

the conduction band and a dependence of the erbium elec- Under a reverse bias, excess electrons appear in the con-
troluminescence on electric field duction band as a result of the thermally stimulated tunneling

ionization of D™ centers in the electric field. Their concen-
tration rises exponentially with applied electric field accord-
ing to the relatiom=n, expCEZ/Eﬁ), whereE, is the charac-
Electroluminescent structures based on erbium-dopetkristic electric field. As they move in the amorphous layer,
hydrogenated amorphous silicon were fabricated by the maghese electrons are trapped B centers and can excite
netron sputtering of erbium in a silane atmosph@&&SD), erbium or defect-related luminescence. The corresponding
in which the sputtering takes place in a discharge in a mixdiagram of the transitions is shown in Fig. 2.
ture of argon and silane (Sjjl Films with a thickness of 1 Thee+D®—D™ transition can be radiative or nonradi-
um were deposited on an-type silicon substrate with a ative. If D centers are located near erbium ions, another re-
donor concentration equal to>&10'" cm™3. The erbium  combination channel is opened: an Auger process, which is
concentration in the structures investigated reached aboaiccompanied by excitation of an erbium ion due to a Cou-
10?° cm 3. The electroluminescence was measured in thédomb interaction between an electron trapped y’acenter
temperature range 7300 K. The emission of erbium was and a 4 electron of the erbium ion, is possible. Such a

The implantation of erbium ions in the amorphous ma-
trix is accompanied by the formation of a large number of
6gefects in the form of dangling bonds with a concentration of

dthe order of 18 cm 3. Therefore, we can presume that
dangling-bond defectsD( centerg are found near erbium
pns. It can also be expected that the implantation of erbium
in amorphous silicon with a large concentration of oxygen
auses the formation of donorlike erbium-oxygen complexes,
ike those formed in crystalline silicon. In this case there is
approximately equal number Bf centers in the neutral

2. EXPERIMENTAL RESULTS

1063-7826/99/33(6)/2/$15.00 622 © 1999 American Institute of Physics
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60+ 4 E.=1.6x10° V/cm, is consistent with the results of an in-

50: vestigation of the multiphonon tunneling ionization of deep
w | 3 centers in crystalline silicoh.
.*g 40:‘ The temperature dependence of the electroluminescence
S st 2 (EL) intensity was measured with a constant current passing
e T through the structure. It can easily be shown that the ob-
8 20} . . . . . .
~ L served temperature-induced increase in the EL intensity is
U0 1 — caused by the exponential growth of the concentratioB of

oL T\ P — — = centers in the neutral stat®&fo) with increasing tempera-

3 4 5 6 7 8 9 ture.
1000/7T , K"

4. CONCLUSIONS
FIG. 1. Tem i i i - ;
o v e o e a2 4T HTINSeeS1ee 1T i summaty, we have observed strong electrolumines-
20, cence of erbium ions at room temperature in a semiconductor
structure based on amorphous silicon. The characteristics of
the structure seem promising for the further development of
light-emitting diodes which emit at a wavelength of 1 &

defect-related Auger excitatidDRAE) process is especially and can be integrated into silicon electronics. The mecha-
efficient due to its almost resonant character. The excess efism for passage of an electric current through the structure
ergy of the transition is imparted to local phonons. A detailedhas been revealed: it is controlled by the multiphonon tun-
theoretical treatment of the DRAE process was presented iReling ionization ofD™ centers in the applied electric field

Ref. 6. The erbium luminescence intensity is described byand a reverse process involving the trapping of free electrons

the relation by D° centers. Defect-related Auger excitati@RAE) pro-
_ _ P vides a strong channel for trapping electrons from the con-
I = CaNNpo(7/7g) = CaNg EX(E™/E)Npo( 7/ 7r), duction band and is responsible for the excitation of erbium

wherec, is the contribution of the DRAE process to the ions which are found close to dangling-bond defects. The

capture coefficient; and 75 are the total and radiative life- entire body of our experimental data is consistent with the

times of erbium ions in the excited state, amdndNpo are ~ proposed mechanisms.

the concentrations of electrons in the conduction band and on  This work was supported by the Russian Fund for Fun-

DO centers, respectively. The magnitude of the characteristigamental ResearctGrants No. 96-02-16931a and No. 98-

field determined from an experimental plot of [lp=xE2, ~ 02-18246, the Ministry of Science of the Russian Federation
(Grant 97-103§ the INCO-COPERNICUS prograrfGrant
977048-SIER, and a NATO GrantHTECH.LG 972032
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The effect of annealing on the optical and structural properties of gallium nitride layers grown

by metalorganic chemical vapor deposition and implanted with 0.8 to 2.0-MeV erbium

ions at doses of (£4)x 10 cm™? is investigated. Additional implantation of 0.11 to 0.28-

MeV oxygen ions at doses of (14)x 10'® cm™ 2 is performed on some samples.

Measurements of the Rutherford backscattering of protons show that amorphization of the
gallium nitride layers does not occur at the erbium implantation doses investigated. The formation
of erbium-related luminescence centers which emit at LkBvdends before the defect

structure of the implanted layers is restored during a postimplantation anneal in the temperature
range 706-1300°C. © 1999 American Institute of Physid$$1063-782629)01006-4

The interest in the study of the luminescence of erbium  The PL was excited by the emission of a halogen lamp.
ions in semiconductors is due to the prospects of employinghe radiated power focused by a lens system onto the sample
them in optoelectronics. To obtain a better understanding ofvas ~50 mW. The PL signal was measured by an InGaAs
the defect-formation processes and the luminescence®6f Er photodetector operating at room temperature. The radiant
ions, various semiconductors, from silicon to gallium nitride, flux from the halogen lamp was modulated by an interrupter
have been investigated. According to the results, the thermait a frequency of 18 Hz. The detector photocurrent pulses
guenching of the photoluminescend@L) intensity of er- were converted into a variable voltage, which was recorded
bium ions decreases significantly as the gap width of thaising a selective voltmeter. The resolution of the system was
semiconductor increases. For example, in Si:Er the PL inten~3 nm. The crystal structure of the implanted layers was
sity of the erbium ions decreases by several orders of magnavestigated by measuring the Rutherford backscattering
nitude as the measurement temperature is raised from liquidRBS) of 230-keV protons scattered at a 120° angle.
nitrogen temperature to room temperatbreyhereas in
GaN:Er a severalfold decrease in the intensity is obsetved.

The behavior of structural defects in GaN:Er has been stud-

ied to a clearly insufficient extent. The purpose of the presentesuyi Ts AND DISCUSSION

work was to investigate the influence of the postimplantation

annealing conditions on the optical and structural properties  Figure 1 shows the PL spectra, measured at 300 and 80
of erbium-doped gallium nitride layers. K, of a GaN sample implanted with erbium ions having sev-
eral energie€=2, 1.6, 1.2, and 0.8 MeV at partial doses of
1x 10" cm 2 and annealed at 1300 °C for 360 s. The cal-
culated values of the projected range of the ions are 0.5, 0.4,

Undopedn-type GaN films with a charge-carrier density 0.3, and 0.2um, respectively. The most intense emission
n~10'® cm 2 and a thickness of 1.xm were grown on peak with a maximum at=1.538 um is caused by transi-
(0001) sapphire substrates by metalorganic chemical vapotions of electrons from the first excited stafi;5,) to the
deposition(MOCVD). The growth procedure was described ground state(*l,5,;) of the EF* ions. The broad emission
in detail in Ref. 2. Erbium ions witlE=0.8—2.0 MeV and band atA~1—1.4 um with a maximum atn=1.17 um is
dosesD=(1—-4)x10" cm ? and oxygen ions withE associated with the PL of defects in GaN, since it is observed
=0.11-0.28 MeV andD=(1—4)Xx10'® cm 2 were im-  both after the implantation of erbium ion and after the im-
planted at room temperature. The energies of the oxygeplantation of neodymiurhor chromium? The series of small
ions were selected so that their projected ranges would coirpeaks neai~1 um is probably caused by transitions of
cide with the corresponding values for erbium ions. The im-electrons from the second excited stétk ;) of the EF*
planted samples were annealed in a furnace for rapid thermian to the ground staté’l ;5,).> We note that we did not
annealing aff,=700-1300°C during a timé=15—-1800s detect significant differences between the PL spectra of
in a stream of nitrogen. The time needed to heat the samplé3aN:Er and GaN:Er:O. For the samples whose spectra are
to the assigned temperature was much shorter than the durshown in Fig. 1 the PL intensity at=1.538 um increased
tion of the anneal. by a factor of 2.2 when the measurement temperature was

EXPERIMENTAL CONDITIONS

1063-7826/99/33(6)/3/$15.00 624 © 1999 American Institute of Physics
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FIG. 2. RBS spectrum of protons for the same sample as in Fig. 1: before

gpplantation(l, 4), after implantation3) and after annealing at 900 °C for

1800 s(2). The spectra were measured with the sample in channgli®)

and unoriented4) positions.

FIG. 1. Photoluminescence spectra of a GaN:Er sample after annealing
1300 °C for 360 s. The spectra were measured gflg@nd 300 K(2). For
convenience, curvé has been displaced upward by 1 arb. unit.

lowered from 300 to 80 K. The intensity of the PL signal attions are equal to 0.17 after implantation and to 0.08 after

the maximum of the defect band increased more than two@nnealing. It is noteworthy that in the case of the implanta-
fold upon cooling from 300 to 80 K. tion of erbium ions with the same energies in silicon, com-

The PL intensity of Ef* at \=1.538 um rises mono- plete amorphization of the surface layer occurs already at an
. . : 4 —2
tonically as the temperature of the isochronal aniteith a  Ef implantation dose of x10* cm™? (Ref. 7. In other
duration of 15 ¥ is increased in the range 76Q:300 °C, words, at the same dose and energy of the erbium ions the
reaching a tenfold increase for the 1300 °C anneal in com&Xtent of damage in the crystal lattice is considerably smaller

parison to the 700 °C anneal. The strongest increase is off? gallium nitride layers than in silicon.

served atT,>900°C. The emission from defects rises  1he ratio between the value ofy, for a sample of
sharply atT,>1100°C and increases with increasing an-GaN:Er:O after annealing and the value for the as-grown
nealing time. The intensity of the erbium-related PL of Single crystal is~3.5. At the same time, in silicon subjected

GaN:Er atT,=1300°C scarcely increases when the annealto the same implantation and annealing conditions the value

ing time is increased from 15 to 400 s. However, the intenOf Xmin €ssentially coincides with the value for the as-grown

sity of the defect-related band rises. sample before implantation, i.e:, the defect.structure_ of sili-
Figure 2 presents the RBS spectra of protons fo€On iS completely restored during the postimplantation an-

GaN:Er:O. Spectrd, 2, and3 were measured with channel- Neal-

ing along the(0001) axis of the single crystals investigated, ~_ 11US it has been established that the formation of opti-
and spectrurd was measured in the unorientégandom”) cally active erbium-related centers during postimplantation

regime. Curvel is the channel spectrum for the as-grown annealing is considerably faster than the restoration of the

layer before implantation and essentially corresponds to thgefect structure of erbium-implanted gallium nitride samples.

signal for an ideal GaN single crystal. For this sample thel Ne accumulation of radiation defects during implantation

relative proton scattering yielgt, (the ratio between the and their removal du_ring_ annealing is significantly slower in
counts in the channeling and random regimes for channef§@N:Er layers than in Si:Er. , _ ,
beyond the surface peak: channels 286 &Hials~0.015, We wish to thank E. O. Parshin for the implantation.
which is close to the theoretical values for a perfect single ~ 1hiS Work was carried out with financial support from
crystal. The RBS spectrum obtained in the channeling reth® INTAS-RFBR(Grant 95-0531
gime after the implantation of erbium and oxygen ions is
represented by curv@ It can be seen that the implantation ©e-mail: nick@sobolev.ioffe.rssi.ru; Fax:7-812-2471017
of oxygen has essentially no influence on the RBS spectrum.
Curve2° Is the speqtrum for the same sample after annealmgll Michel, J. L. Benton, R. F. Ferrante, D. C. Jacobson, D. J. Eaglesham,
at 900°C _fOI’_3O _mm' o ] ) E. A. Fitzgerald, Y.-H. Xie, J. M. Poate, and L. C. Kimerling, J. Appl.
The distributions of intrinsic point defectgallium and Phys.70, 2672(1991).
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It is shown that the optical activation of Yb in GaAs and low-dimensional GaAs/GaAlAs
structures can be achieved by forming three-compo(ént-S/Se/Te-O) luminescence centers
based on the Y& ion. A correlation between the characteristics of these centers and the
parameters of the chalcogen coactivators is discovered. Oxygen is shown to play a decisive role
in transferring the energy of electron-hole pairs to the luminescence centers99®

American Institute of Physic§S1063-7829)01106-7

The investigations of rare-earfRE) elements as impu- In the initial stage of this study we performed systematic
rities in semiconductors are motivated by the prospects oinvestigations of the conditions for the formation of lumines-
creating optoelectronic devices which combine the emissiogence centers based on 3bions in GaAs single crystals
characteristics of intracenter optical transitions within ttie 4 with various concentrations of background impurities, which
shell (narrow, thermally stable lingswith the compactness were monitored by secondary-ion mass spectrometry
of semiconductor devices. The intensity of thef lumines-  (SIMS). When Yb was implanted in a material with a com-
cence in semiconductors doped with RE elements is deteparatively low (<10 cm™3) content of background impu-
mined, in particular, by the probability of optical transitions rities, it was found that ytterbium-related luminescence cen-
within the 4f shell of the RE centers and the efficiency of theters do not appear, in agreement with the literature data
transfer of energy from electron-hole pairs to the lumines-available. The additional implantation of oxygen led to the
cence centers. Both of these factors depend on the structuappearance of luminescence lines in the spectral range cor-
of the luminescence centers, i.e., on the position of the REesponding t&F s;,— 2F -, transitions of the YB" ion. In the
impurity in the crystal lattice and its possible associationcase of a material with a high~(10'® cm™3) concentration
with other impurities and/or defects. of background impuritiegSe, O, Si, C, etg.luminescence

This paper summarizes the results of the investigationassociated witt — f transitions of Y8 was observed after
of luminescence centers based on thé Yion in GaAs and  the implantation of Yb ions alone, and its intensity differed
low-dimensional GaAs/GaAlAs structures carried out in theby more than an order of magnitude for differéigientically
P. N. Lebedev Physics Institute of the Russian Academy oimplanted samples in this group. The additional implanta-
Sciences during the last three years. The results of the préion of oxygen sharply increased the luminescence intensity
ceding studies of other investigators can be reduced to thend diminished its spread for different samples. It follows
fact that Yb can be optically active in binary and ternaryfrom these data that oxygen plays a decisive role in the “op-
l1I-=V compounds only if it is located at lattice point<On tical activation” of Yb in GaAs.
the basis of such ideas the very low luminescence intensity The data for different samples and different implantation
associated with Yb" ions in GaAs was attributed to the and annealing conditions enabled us to identify several strik-
small fraction(as follows from Rutherford scattering datf  ing groups of lines X;/X,, Y;1/Y,) assigned to different
substitutional Yb ions. We have been able to show that Ylkcenters in the spectral range 980020 nm, i.e.,
can be optically active in GaAs when it is associated with1.264—1.215 eV(where up to 100 lines were observed in the
other impurities. spectra of some samp)e§Fig. 13. The considerably less

A Yb impurity was introduced into GaAs and GaAs/ intense lines at 10301100 nm, which are shifted toward
GaAlAs structures either by ion implantation or during thelower energies by 70 meV and are assigned to optical tran-
molecular-beam epitaxidMBE) process. The implantation sitions involving phonons, were correlated with lines of the
was carried out at ion energies and doses which ensure ) /X, andY, /Y, systems.

“flat” distribution profile of the Yb impurity and the coac- The appearance of different combinations of lines in the
tivators (O, S, Se, and Teto a depth of 150 nm with a luminescence spectra of different, but identicalib+O)
concentration in the range ¥6-10'° cm 3. To eliminate implanted and annealed samples points to the possible for-
the radiation damage created by the implantation process, theation of YB'*-based luminescence centers containing
samples were annelated at temperatures up to 800 °C. Background impuritiegSe, O, Si, C, etg, which can be
compromise growth regime for doping during the MBE pro- detected by SIMS in some of the samples investigated. The
cess, which permits the introduction of Yb in concentrationscombined implantation of Yb, oxygen, and one of the chal-
up to 1% cm~2 without adversely affecting the quality of cogens(S, Se, or Tgin samples with a small content of
the crystalline matrix, was determined. background impurities led to the appearance of luminescence

1063-7826/99/33(6)/3/$15.00 627 © 1999 American Institute of Physics
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FIG. 1. Luminescence spectra associated witPEhg,— °F ,, transitions of
Yb3* ions in GaAs for various combinations of implanted impuritigse
concentration of each was f0ocm™3): a — Yb+0O, b — Yb+Te+O, ¢ —
Yb+Set+0O, d — Yb+S+0. Annealing temperature, °C;la— 700; ¢, d —
660.

lines which are specific for each of the chalcogériys.

Gippius et al.

TABLE |. Energy characteristics of ¥ luminescence centers.

Center Eq, eV 5=E;—Ep, meV Epn, €V fiwpn, meV
X1 1.2321 384 1.1615 70.6
Xs 1.2329 37.6 1.1634 69.5
Yi/Y, 1.2518 18.7 1.1849 66.7
S; 1.2254 45.1 1.1347 90.7
Se 1.2321 38.4 1.1615 70.6
Te, 1.2415 29.0 1.1848 56.7

Note Here E;=1.2705 eV is the energy of tHd,— 2F, transition of a
free YO'* ion, E, is the energy of the zero-phonon transitid, is the
energy of the transition with the participation of a phonon, &mg,=E,
—Epn is the phonon energy.

ferring excitation energy of the system of electron-hole pairs
to the luminescence centers.

The intensity of the luminescence associated with three-
component centers in GaAs is comparable to the intensity in
GaP:Yb and even in InP:Ybwhere the high luminescence
intensity is associated with the substitutional position of the
isolated Yb atoms This provides some basis to postulate
that the position of the rare-earth atoms in the lattice is not

MBE GaAs

1b-1d. Thus, the optical activation of Yb in GaAs can be
achieved by forming Y&"-based three-componefitb+S/
Se/Tet0) luminescent complexes, which probably form as a
result of fairly complicated reactions between their compo-
nents during the annealirfg.

The characteristics of three-component complexes of a
single type correlate with the properties of the chalcogen
atoms appearing in them. For example, the annealing tem-
perature at which the YbS/Se/Te-+O complexes form in-
crease$580/620/650 °Cwith the mass of the chalcogen. As
can be seen from Table I, the energy of the optical transition
increases with the size of the chalcogen atom appearing in
the composition of the center, and the phonon energy de-
creases as its mass increases.

The role of the chalcogens in the optical activation of Yb
is probably confined to the formation of a definite charge
state of the RE ion (Y3") and the creation of low-symmetry
crystal fields, which depend on the parameters of the coacti-
vator and remove the parity prohibition dr-f transitions.

Intensity, arb. units

M

P,
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L L i 1
990 1000 1010 1020

A, nm

As for oxygen(which appears in the Composition of all the FIG. 2. Luminescence spectra of GaAs doped with Yb during the MBE

luminescence centers investigated without exceptidnis

processa) and additionally doped with oxygen by implantatidn-e. The
Yb concentration was & cm™3. Oxygen concentratiorb — 10'%, ¢ —

not clear whether it influences their energy spectrum at all. Igx 108, ¢ — 6x10'% e — 109 cm 2. The annealing temperature was
has not been ruled out that it participates somehow in trans#0 °C.
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the only(and, possibly, not even the maifactor determin-  data, the luminescence intensifyer unit of concentration
ing their optical activity in cases where they appear in theof the YB**-based centers in the quantum wells is more than
composition of luminescent complexes. an order of magnitude greater than that in the bulk material,
The formation of luminescence centers in Yb-dopedapparently because of the spatial confinement of the
GaAs layers during molecular-beam epitaxy takes place, aselectron-hole pair§.
whole, just as it does in the bulk material: luminescence This work was carried out with financial support from
associated withf —f transitions of YB* is observed only the RFBR (No. 96-02-1820§ the Physics of Solid-State
after the implantation of oxygen and annealfnhe spec- Nanostructures ProgrartNo. 97-1046, the INTAS-RFBR
trum exhibits numerous lines, which are associated with cendNo. 95-053, and the CRDRNo. RE1-235.
ters containing Yb, O, and background impurities, particu-
larly Se (Fig. 2.
Luminescence centers associated with®Yhwere cre- ‘A Kozanecki and R. Gratzschel, J. Appl. Phg8, 517 (1990.

) . .
; R : “V. M. Konnov, T. V. Larikova, N. N. Loyko, V. A. Dravin, V. V. Usha-
ated in quantum-well structures based on GaAs/GaAlAs ei kov. and A. A. Gippius, Solid State Comm@6, 839 (1995,

ther by doping during the MBE process or by ion implanta- sy . konnov, T. V. Larikova, N. N. Loyko, V. A. Dravin, V. V. Usha-
tion (with the additional implantation of oxygen and kov, and A. A. Gippius, Mater. Res. Soc. Symp. Pré22, 187 (1996.

annealing in both casgsin the structures consisting of a ‘A A. Gippius, V. M. Konnov, N. N. Loyko, V. V. Ushakov, I. P. Kaza-
sequence of quantum wells of various thicknesses, specific'(‘fgé;)/ + A Dravin, and N. N. Sobolev, Mater. Sci. For88-263 917
lines of intrinsic luminescence from different wells served assy. N, Lotko, V. M. Konnov, and T. V. Larikova, Kratk. Soobshch. Fiz.
probes for monitoring the spatial distribution of the radiation No. 9-10, 48(1996.

defects, and implantation and annealing regimes, which enV: M. Konnov, V. A. Dravin, N. N. Ldko, I P. Kazakov, and A. A.
sure that the structures have an acceptable quality after jm-CPPUS: Kratk. Soobshch. Fizin press.

plantation, were determinedAccording to the preliminary Translated by P. Shelnitz
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ATOMIC STRUCTURE AND NON-ELECTRONIC PROPERTIES OF SEMICONDUCTORS

Photothermoacoustic and photoelectric microscopy of silicon
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Combined photothermoacoustic and photoelectric microscopy is used to investigate silicon-based
structures: an epitaxially growmtype region in go-type substrate, p—p™ interface

obtained by implanting boron ions, and a region near a crack tip. It is concluded that the
visualization of epitaxial regions by thermal waves most probably stems from the elastic stresses
appearing during fabrication of the structures. It is shown that the spatial distribution of the

elastic stresses appearing upon ion implantation is visualized by thermal waves. In the region near
the crack tip inhomogeneities in the thermoelastic and energy properties extending over

hundreds of microns can be diagnosed by thermal waves and electron-hole plasma waves. Spatial
periodicity with a period~85 um is discovered in the variation of the thermoelastic

properties near the crack tip. @999 American Institute of PhysidsS$1063-7829)01206-5

Photothermoacoustic microscopy is being developed foof thermal waves and electron-hole plasma waves are deter-
the diagnostics of materials and devi¢e$.Information is  mined by different constants of semiconductor materials and
conveyed in it by thermal waves. They are generally excitesgince their properties are similar, these two methods can
by modulated optical radiation. The light absorbed by acomplement one another in a single instrunfent.
sample periodically heats it, exciting thermal waves. The  This paper is devoted to an investigation of several
amplitude and phase of the thermal waves are functions dfilicon-based structures using combined photothermoacous-
the optical and thermal parameters of the sample. Informatic (PA) and photoelectridPA) microscopy. These experi-
tion on the properties of a sample can be obtained by recordnents seem interesting to us, because, although the PA effect
ing the variable component of the temperatgé by any is widely used to study semiconductoisee, for example,
effective method. Several different methods for recordihng Ref. 7), the PA microscopy of semiconductors with piezo-
have been proposed. The dependence of the information oliectric detection has scarcely been studied and there are
tained on the method used to recdrds significant in pho- only a few reports concerning 3t° Moreover, there have
tothermoacoustic microscopy. Piezoelectric detection, whiclbeen no comparative studies of semiconductors by PA and
is one of the most sensitive methdds, used in the present PE microscopy at all.
work. A block diagram of a combined PA-PE microscope, in

When semiconductors are irradiated by modulated lightwhich the amplitude and phase of the PA and PE signals
electron-hole plasma waves of the nonequilibrium carrierserve as the information parameters, is shown in Fig. 1. La-
are excited in them along with the thermal waves. This leadser radiation modulated with a frequenty 80 kHz (1) (A
to variation of the distribution of the bulk heat sources and,=488 um) is focused by a len§2) onto the surface of the
consequently, to a dependence @fon the generation- sample(3) in a spot having a diameter no greater than 10
recombination parameters of the semiconductithe life- um. The laser radiation absorbed by the sample heats it and
times of the nonequilibrium carriers, the carrier diffusion co-generates nonequilibrium electrons and holes. As a result,
efficient, the recombination rates, @tt.The electron-hole thermal waves and electron-hole plasma waves are excited in
plasma waves of nonequilibrium carriers can serve as an irthe sample. Because of the thermoelastic effect, the thermal
dependent information carrier for semiconductor diagnosticswaves produce ultrasonic oscillations, which are detected by
The latter are described by a dispersion relation similar t@ piezoelectric transducé4). The electrical signal from the
that for thermal wave3One special feature of electron-hole piezoelectric transducer is fed through a commutétpinto
plasma waves is the finite lifetime of the nonequilibrium two identical synchronous amplifie(S and6), which output
electron-hole pairs. This leads to a dependence of their difPA signals with an/2 phase shift. These signals are pro-
fusion length which differs somewhat from the dependenceessed by a computd®), and the amplituddin relative
of the diffusion length for thermal waves. This creates favor-units) and the phase shift of the PA signal are calculated. The
able conditions for combining two diagnostic methods forinformation obtained can be represented in the form of gray-
semiconductors and semiconductor devices, which emplogcale amplitude and phase topograms or single-line plots.
thermal waves and electron-hole plasma waves as the infotaformation on the variable component of the concentration
mation carrier, in a single instrument. Since the parametersef nonequilibrium carriers on the sample surface was ob-
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material(the thermal conductivity, specific heat, thermal ex-
pansion coefficient, and elastic constantshich vary little
in response to variation of the electrical parameters of the
semiconductor, such as the carrier concentration. Therefore,
the variations of the PA signgbamplitude and phageare
determined mainly by the variation of the thermoelastic
properties. This means that the visualization gf-an junc-
tion by thermal waves is probably not related to variation of
the carrier concentration, but to something dlsee below.
The PE signal, on the other hand, is determined predomi-
FIG. 1. Block diagram of a combined photothermoacoustic and photoelecnantly by the electrical parametgthe concentration of non-
tric microscope. equilibrium electrons and holes, the surface band bending,
etc), on which defects of different kinds can also have an
appreciable influenck¥ The conditions for their visualization
tained by measuring the capacitive photovoltdgEor this by electron-hole plasma waves are thereby created.
purpose, a thin metallic electrod8) in the form of a disk Comparing the images obtained from samples with
having a diameter of 1 mm with a hole at its center forp—n andp—p™ junctions(Figs. 2 and 3 we see that in the
passage of the laser beam was placed on the sample surfacase of thep—n junction the amplitudes of the PA and PE
The electrical photovoltage signal was processed precisely aggnals increase upon passage from fktgpe region to the
the PA signal. The sample was scanned with the laser beamtype region(from a region with a high concentration of
by moving the sample together with the piezoelectric sensoholes to a region where their concentration is lgwdihe
on a computer-controlleX—Y stage(10) with a 0.01-mm  phase shift of the PA signal in thetype region is low(of

step. the order of 2%5° and increases somewhéty roughly
Samples of the following types were used: 7°—10° upon passage to thetype region. The oscillation
—p-Si wafers with ann-type region of epitaxial growth phase of the PE signal essentially decreases lipon pas-

(a “pocket”); sage from the-region to then-region, i.e., the oscillations of

—p-Si wafers with an interface between undoped andhe PE signal in the- andn-regions are out of phase. For the
doped regiongimplantation of B" ions at a dose of 0.05 p—p™ junction, which was created by implantingBons,
uClem 2); the amplitude of the PE signal is smaller in the implanted

—p-Si wafers with a crack appearing in the primary pro- region (which is enriched with holgsthan in the unim-
cessing stagéKMD silicon, p=6x10> Q-cm, dislocation planted region. The phase shift of the PE signal is roughly

densityo=5x10"% cm?). 80° greater in the ion-implanted region than in the unim-
The surfaces of all the samples were polished to a pemplanted part of the crystal. This is qualitatively consistent
fectly reflecting state. with the variations of the PE signal upon passage through the

Figures 2—4 present the PA and PE amplit¢dmpl)  p-Si-n-Si interface in thep—n junction. Conversely, the
and phase topograms of these samples and plots of the variamplitude of the PA signal is greater in the boron-implanted
tion of the amplitude and phase within a single scanning lineegion than in the unimplanted region. For fhe n junction,
with the coordinate indicated, which is marked on the topo-as was noted above, the amplitude of the PA signal decreases
grams by the LS-LSline. Lighter areas on the topograms upon passage from thetype region to thep-type region.
correspond to higher values of the respective signal paranifhe phase shift of the PA signal in the unimplanted region
eter. The dimensions of the image region arex24 mm. amounts to~12°, while in the implanted region it decreases

It can be seen from the examples presented that the P ~2°. We thus see that the variations of the amplitude and
and PE topograms convey the inhomogeneities in the testhase of the PA signal upon passage fromgiegion to the
structures differently, but fairly clearly. The oblique light p*-region are similar to those in the—n structure upon
and dark bands and spots on the PA and PE topograms of tipassage through th®eSi—n-Si interface. This means that the
pocket(Fig. 2 are not observed optically and are probablyvisualization of thep—p™ structure, like theg—n junction,
images of polished defectscratches, microcracks, pits, ¢tc. by thermal waves is not related to the variation of the elec-
that appear during the finishingutting) of the pockets. A trical properties. Such behavior of the PA signal in ion-
comparison of the PA and PE images of the different strucimplanted silicon can be explained in the following manner.

tures with one another reveals the following: During the implantation of boron ions, elastic stresses appear
— inhomogeneities of different nature in silicon are con-in the surface layer of Sf It was shown by direct experi-

veyed differently to the PA and PE topograms; ments in Ref. 14 that the PA response is sensitive to the
— the PE images reflect p—n junction more clearly presence of elastic stresses in the solid. Moreover, its relative

than do the PA images; amplitude depends on the sign of the elastic streasa®-

— conversely, the PA images convey polished scratcheqressive or tensile stresgesith respect to the direction of
pits, and fluctuations of properties near a crack more comthe thermoelastic strains that shape the PA signal. In our case
pletely. ion implantation should lead to the appearance of tensile
This can be attributed to the fact that the PA signal iselastic stresses at depths wheré Bns are implanted. The
determined primarily by the thermoelastic parameters of thgresence of these stresses can lead to an increase in the linear
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FIG. 2. Photothermoacoust{PA ampl., PA phaseand photoelectri¢PE ampl., PE phagémages of g-type Si sample with an-type region of epitaxial
growth (a pocket and plots of the variation of the amplitude and phase of the signals along a single scanning line, which is indicated on the images by LS-LS
(1 — amplitude,2 — phasé.

thermal expansion coefficient; . Also, since the amplitude region is caused by the appearance of elastic stresses in the
of the PA signal recorded with piezoelectric detection is di-crystal during implantation of the impurity.

rectly proportional towt (Ref. 15, the amplitude of the PA Since the electrical parameters do not have an appre-
response should increase in the implanted region. All thigiable effect on the PA signal in the—p™ structure, it can
provides some basis to assume that, in all likelihood, thée concluded that visualization of amtype pocket in a
increase in the amplitude of the PA signal in the implantedp-type substrate by thermal wavéBig. 2) is likewise not
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FIG. 3. Photothermoacousti®A ampl., PA phaseand photoelectri¢€PE ampl., PE phagémages of the interface between the unimplanted and implanted
regions in go— p*-Si sample and plots of the variation of the amplitude and phase of the signals along a single scanning line, which is indicated on the images
by LS-LS (1 — amplitude,2 — phase.

related to the differences between the electrical properties afisualization of the pocket attests to the presence of residual
the p- andn-type silicon regions. The most likely factor per- elastic stresses in it.

mitting PA visualization of the pocket is the presence of Let us analyze the PA and PE topograms of a sample
elastic stresses in the pocket region, which appear during theith a crack(Fig. 4). It is seen that the boundaries of the
epitaxial growth ofn-silicon on thep-substrate. Thus, the PA crack are diffuse and that the length of the defect is signifi-
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FIG. 4. Photothermoacousti®A ampl., PA phaseand photoelectri¢PE ampl., PE phasémages of g-Si sample with a crack and plots of the variation
of the amplitude and phase of the signals along a single scanning line, which is indicated on the images by(LS—le@nplitude,2 — phasé.

cantly greater than in the case of optical observafit'e  tion structure and the fields of elastic stresses near the crack
optical visualization boundary of the crack was determinedip (B) influence the thermoelastic and electrical parameters
using a microscope with a visual magnification of 300 and isof the semiconductor. As a result, the PA and PE images of
indicated on the images by the O-{ine). On the PA topo- the crack are significantly larger than the optical image. The
gram the crack image is-0.4 mm longer than the optical PA and PE topograms of the crack in silicon exhibit period-
image, and on the PE topogram it+9.56 mm longer than icity in the crack inhomogeneity. The length of the period of
the optical image. This can be explained in the followingthis inhomogeneity is-85 um. The same periodicity in the
manner. The formation of a crack in a crystal is preceded bynhomogeneity of the properties occurs in the part of the
an increase in the dislocation density. The branched dislocaample near the crack tip, where the crack is not visualized
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optically. It is most clearly seen on the phase PA topogram, — a region with a reduced hole concentration appears in
attesting to its thermoelastic nature. This is probably becausthe elastically stressed region near a crack tip-type sili-
the crack development process, which begins with the gereon.
eration of irregularities in the physical properties of the crys-  This work was carried out with financial support from
tal, primarily the elastic properties, has a spatially periodicthe Ukrainian Scientific-Technical Center and with basic fi-
character. This can apparently explain the abrupt character ofancing by the Taras Shevchenko Kiev University of the
crack development observed experimentilyThe results  Ministry of Education of Ukraine.
presented above lead to the conclusion that the regions in a
stressed state appearing in a crystal before its fracture can be
visualized with the aid of thermal waves and electron—hole*)E_ma”. alkuzmich@ ,
plasma waves. : genphys.ups.kiev.ua
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The layer density, density profile, and mobility of electrongdgi-ion-doped layers of

semiinsulating GaAs after radiation annealing with electron energy above and below the defect
formation threshold and after thermal annealing in the temperature fg3g890—830°C

are investigated. It is shown that for radiation annealing energy above the defect formation
threshold ion-doped layers are formed with much lower annealing temperatures, and the
degree of electrical activation of silicon in these layers is high and the density of electron mobility
limiting defects is low. ©1999 American Institute of Physids$1063-782609)01306-X

1. INTRODUCTION density 6.8 W/crhfor 16 s in vacuum with residual pressure

. . i . not exceeding 10° Pa were performed on the control wa-
It is well known that isothermal radiation annealing fers 9 P

(RA) is performed at temp_eraturels comparable t_o the tem- After the insulator was removed, measurements of the
perature of ‘he”?‘a' anneahr@A). .At the same time the Jayer electron densitilg and mobility . were performed in
gene_rat|on of point defects_ during |sochro_nous TA makes i e ion-doped layers by the van der Pauw method. Next,
possible to lower substantially the annealing temperature o; 00x 100 um? Schottky barriers, surrounded by ohmic con-

radiation defects in amorphized silicon and gallium arsenid .
layers? In this connection, the objective of the present work%é?éuvrvee rethpgep;ree(gr(()): tréirgi;ersp?éilﬂ}?{?'“g??ﬁ Q y to

is to |nv_gst|gqte the elec_:tncal .act|vat|0n_ and depth d'smbu'capacitance—voltage method. The alloy 86%AuGEI%Ni,
tion of silicon implanted in gallium arsenide and the electron

o . . . deposited by thermal evaporation, was used for metallization
mobility in Iayer; under condltlops of generation of point during the fabrication of the Schottky barriers and ohmic
defects and heating of the material. .contacts. The ohmic contacts were formed at 420 °C in 2-5

These conditions were produced by irradiating a S Mhin in a hydrogen atmosphere. The capacitance measure-

conductor with intense electron beams with particle energy onts were performed at 1 MHz, and the reverse bias was
above the point defect production threshold. modulated with frequency 50 Hz '

The densityN, of scattering centers was determined
from the mobility measurements®as

2. EXPERIMENTAL PROCEDURE N,[cm’3] — 1017( 104/,u[cmZ/V -s]— 1)2 (1

The investigations were performed on 4@0n thick and the parameteK=1—(N;q+Ng)/N, was estimated,
semiinsulating GaA<r,03,In) wafers, oriented in thel00  whereN;q andNg are the ionized impurity densities in ion-
plane, with resistivity p=10" Q-cm, electron mobility doped layers and in the initial material, respectively. The
3900-4200 cffV-s at 300 K, and dislocation density,  densityN, was determined from measurements of the elec-
<8x10* cm 2. After the wafers were treated in the etchanttron mobility in the initial GaAs. The densityN;q,
H,S0,:H,0,:H,0=1:1:10, 30-ke¥®Si ions with dose 8.75 =N/Nd, whered=R,+2(2/m)?AR,,” andR, andAR,

X 10 cm™2 and then 100-ke%?Si ions with dose 5% 10*  are the?®Si ion ranges in GaAs. In our case= 168 nm. We
cm 2 at 300 K were implanted. Measures were taken tointerpreted value& >0 as evidence that the ion-doped lay-
eliminate axial and planar channeling during implantafion. ers contain additional electron scattering centers as compared
After implantation a 100 nm thick SiOfilm was deposited with n-GaAs doped by other methods to comparable electron
by a plasma chemical method on both sides of the wafer imlensities. These additional centers could be due to, for ex-
order to conduct RA and a 300 nm thick Si@lm was ample, incomplete annealing of radiation defects.

deposited to conduct TA. Next, “high-energy electron an-

nealing” (HEA) with electron energy 1-2 MeV and current 3. EXPERIMENTAL RESULTS AND DISCUSSION

density 0.3-0.6 mA/cnt for 13—21 s in air was conducted _

by the method of Ref. 4. The temperature during annealingb" Layer density and the parameter K
was monitored with a chromel-alumel thermocouple and Figure 1 shows the results of measurement®Ngand
varied in the rangd ,=590-800 °C. Thermal annealing at the values of the paraemetlras a function of the HEA
temperaturesl ,=660—-830°C for 30 min in a hydrogen temperaturgicurvesl, 1) and the TA temperaturécurves
flow as well as “low-energy electron annealindlLEA) in 2,2'). ltis evident that electrical activation of silic@n-type
the Modul’ setup with electron energy 10 keV and power layers at the leveN=1x 10'2cm™? is observed after HEA

1063-7826/99/33(6)/4/$15.00 636 © 1999 American Institute of Physics
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TABLE |. Activation energies for the formation of ion-doped layers during

10 HEA and TA.

1.0

P |

Ea, €V
] Form of

J annealing Stage | Stage Il

HEA 0.83 0.38
TA 1.87 0.57

Ny, 10" cm-2

temperaturg(curve 1) and TA temperaturdécurve 2). It is
evident that these curves are straight lines and for both forms
of annealing they shw two stages of formation of ion-doped
. l ' layers: less thar(l stage and greater tharll stage T,
500 700 800 0.1 =710°C. The activation energieS, estimated from the
Tan °C slope of the straight lines are presented in Table I.
According to Table IE, after TA is greater than the
analogous values after HEA by 1 eV at stage | and by 0.2 eV
at stage Il. The energif,=1.87 eV obtained for the stage |
of TA is somewhat greater than the valug,=1.0-1.4 eV
at a lower temperaturéby ~90°C) compared with TA characteristic for annealing of point defects in GaAs. This
(curvesl and2). We note that after TA aT,<680°C,N, difference is probably due to the fact that two processes oc-
could not be measured by the van der Pauw method in iorfeUr Simultaneously during the formation of an ion-doped
doped layers. This attests to a low degree of activation ofeyer: annealing of compensating defects with activation en-
silicon (transition into an electrically active statend possi- €9y ~1.3 eV and embedding of silicon at the sites of the
bly a high density of compensating defects, which is due tgallium sublattice with activation energy near 0.57 eV. It is
the comparatively large value &f (K=0.91 atT,=680°C  also possible that annealing of defect—impurity complexes
Fig. 1, curve2’). As the annealing temperature increases, thdollowed by electrical activation of silicon occur at stage I.
differences in the values d{ after HEA and TA decrease, 1he value 0.57 eV is close 8,=0.5 eV;® the characteris-
and atT,=800 °C these values are essentially identical. Af-tic value of the electrical activation energy of Si in GaAs
ter HEA the parameteK decreases from 0.7690°C to ~ With TA. On the other hand, the valug,=0.38 eV in the
0.18 (700 °0 and then remains unchanged with increasingtémperature range 730—-800 °C is essentially identical to the
temperaturecurve 1'). The values oK were three to four activation energy, of Si for LEA with a protective dielec-
times higher(curve 2') after TA in the temperature range ric coating? though the values dfi; in the ion-doped layers,
investigated. The differences noted in the valueXafgree  Scaled to the implantation dose, are on average 1.6 times
on the whole with the much lower densities of deep levels ingreater than after LEA.
ion-doped layers after HEA as compared with Tthe data
on the densities were obtained by DL%'S B. Electron density profiles
Figure 2 shows INg versus the reciprocal of the HEA

FIG. 1. Layer densityNg (1,2) and the parameteK (1',2') versus the
annealing temperaturg, . 1, 1’ — HEA, 2, 2’ — TA.

Figure 3 shows the electron density profildx) of elec-
trically activated silicon in ion-doped layers after HEA
(curves1-4), after LEA (curve5), and after TA(curve 6).
Curve7 shows the density distribution of the implanted sili-
con, calculated in the approximation of two
semi-Gaussian$ using the central moments of the distribu-
tion from Ref. 12. We note that the first two moments in Ref.
12 agree satisfactorily with the valuesRf andAR, deter-
mined by secondary-ion mass spectrométry.

It is evident from Fig. 3 that after HEA af,=590°C
(curve 1) the electron density is 2.0x 10" cm™ 2 at depth
x=110 nm. In addition, forx>140 nm the experimental
profile agrees well with the computed profileompare the
points 1 and the solid curyeAs the HEA temperature in-
creasesn increases as a result of the electrical activation of
- silicon in the layer next to the Si3GaAs boundary and at
] 1 L . 800 °C reaches the value &80 cm 2 at depth 40 nm

0.9 1. ”m 3T K7; (curve 3). Moreover, the electron density a&=220 nm in-
a> creases with increasing HEA temperatgcarves1-3).

FIG. 2. Logarithm of the layer densit)s versus the reciprocal of the For comparable a'_"ne_a"ng temperatu(eg. 3, curves
annealing temperatufg, . 1 — HEA, 2 — TA. 4-6) the electron density in the lay&e 60 nm after HEA is

28.61 I I

r—

~ 29.2

28.81

n [/Vs, cm-

28.41

s

28.01

276
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TABLE II. Parameters of ion-doped layers after different types of anneal-
ing.

Form of Tar  ta, N ”, K 7,

s
1078 annealing  °C s  Bem?® cnd/V-s %

TA 750 1800 3.4 2380 0.560.18 56.8
LEA 730 16 18 3100 0.350.12 52.8
HEA 730 13 3.9 2930 0.180.06 95.0

silicon activation for radiation forms of annealing and TA in
layers lying directly next to the Sik>-GaAs boundary and in
deeper layers.

Table Il gives the values dfi; and x and the computed
average values df and degreey of electrical activation of
silicon. The latter quantity was determined as the ratio of the
area under experimental curvéx) (Fig. 3b to the corre-

+ sponding area under the computed density distribution of
+ implanted silicon.

It follows from Table Il that HEA forms an ion-doped
Ao layer with the highest degree of electrical activation of sili-
con and the lowest density of residual defgtihe parameter
K) which limit the electron mobility. The layer electron den-
sity N is lower after LEA than after TA. According to the
data in Fig. 3(curves5 and 6), this is due to the higher
activation of silicon in the layek<<110 nm after TA. With
respect to the value df LEA falls between TA and HEA.

In our view the differences in the characteristics of ion-
doped layers obtained by radiation annealings and TA are
due to ionization during LEA and both ionization and gen-
eration of point defects during HEA. These processes stimu-
late the activation of silicon and annealing of radiation de-
fects produced as a result of thSi ion implantation.

n, cm~3

7077

T rrrry

+ 0
BN

,’016

10 18

4. CONCLUSIONS

1. lon-doped layers are formed during HEA at much
lower annealing temperatures than for TA, and evei at
=590 °C the electron density profile at dep#®s 140 nm is
identical to the computed profile of implanted silicon.

s 2. The increase in the layer densig with increasing

0 700 200 HEA temperature in the rang€,=630-800°C is due to
z, nm activation of the impurity in a layer located next to the

SiO,—GaAs boundary, and evenBf= 730 °C the degree of

FIG. 3. Electron density profile in ion-doped layers after HBA4), LEA  activation of silicon reaches 95% according to measurements
(5), and TA(6). HEA regime,T,, °Ch,, s:1— 590/21;2 — 630/15;3 — . .
of the density profiles.

800/21;4 — 730/13. LEA regime5 — T,=730°C,t,=16 s. TA regime: . . .
6 — T,=750°C,t,=30 min.t, — annealing time. Solid line — computed 3. The process leading to the formation of ion-doped

density profile of implanted silicon. layers with HEA occurs in two stages with different activa-
tion energie€ 5, where the value o, at both stages is less
than the corresponding values for TA.

higher than after LEA and after TA, attesting to more effi- 4. The parameteK for HEA is lower than for LEA and

cient activation of silicon. At the same time the density pro-TA. With respect to the values & LEA falls between HEA

file after TA is measured with a lesser dep#l® nm, curveb) and TA.

than with HEA and LEA. In addition, the distributiom(x) We thank V. V. Peshev for performing the HEA.

after TA lies higher fox<<110 nm and lower fok>110 nm

than after LEA. This result could be due to the diffusion A. v. Chernyaev,on Implantation Method in Gallium Arsenide Device

redistributior; of silicon into the interier volume of GaAs 22“‘1/ |ntt)e\%?éiﬁeiisrauing:;:hgsr?E?kﬁio;:(\‘/VEZ’,SMg;ﬁ?r\]/gv 19'9:?2 ekt

during LEA” since the electron density is higher in the oo, o 001 ," 8371080 [Sov. Phys. Semicond4, 1095(1980].

“tail” of the distribution (curves5 and6). These features of 3y . ardyshev and M. V. Ardyshev, Fiz. Tekh. Poluprovod®, 1153

the electron density profiles attest to a different degree of (1998 [Semiconductor§2, 1029(1998)].
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The photoionization cross sectidthe absorption coefficienbf holes which are localized on

deep centers with a short-range potential and make transitions into the valence band of

a uniaxially deformed Ge-type semiconductor is calculated. As a result of the fact that the acceptor
level and the extremum of the hole subbands split the photoionization threshold also splits,

and four types of transitions of this kind arise. The population of the split impurity states and the
contributions of transitions of each type to the absorption coefficient change with increasing
temperature. Since deformation destroys the spherical symmetry of the problem, an appreciable
polarization dependence of the absorption coefficient appears. The calculation is based on a
general quantum-mechanical formula with a transition matrix element employing the wave
function of an impurity center accompanying deformation. 1@99 American Institute of
Physics[S1063-7829)01406-4

1. INTRODUCTION This produces qualitative changes in the spectral and polar-
ization dependences of light absorption in interdaadd

The current interest in effects resulting from uniaxial intersubban@transitions of electron&see also references in
deformation(UD) in bulk semiconductors is due primarily to Ref. 5 and in the photoionization cross sections of acceptors
the observation of a laser effect in the infraré®) rangé (see the transition scheme in Fig. 1
and to the fact that the results obtained can serve as a starting In the present paper the spectral and polarization depen-
point for similar investigations in strained structures basedlences of the absorption coefficidiC) with IR excitation
on Ge-Si quantum wells, which have aroused great interesif holes from split levels on short-range centers into the con-
among investigators in the last few years addition, the tinuous spectrum are calculated. The low-temperature case,
guestion considered in the present paper stems from the newdhere holes are localized on levels of short-range defects
to supplement what little information is available about op-(for example, structural imperfections or substitution impu-
tical effects in semiconductors in the presence of UD. Thdities; see the discussion of this model in the review in Ref.
photoionization cross section of a deep impurity center for &), is studied.
simple conduction bandc(band was first calculated in Ref. The specific spectral dependences of the AC with vari-
3. Optical transitions from a deep center into a complex ous values of the deformatiok and temperaturd are ob-
semiconductor valence band consisting of heavy- and lighttained for Ge:Zn and GaAs:Mn.
hole subbands were examined in Ref. 4. The optical matrix
elements of transitiongand the photoionization cross sec- 2. CALCULATION OF THE ABSORPTION COEFFICIENT
tion) from an impurity center into the conduction band for
narrow-gap semiconductors in the presence of UD were cal-
culated in Ref. 5. In the present paper light absorption due to 4m2%e?n, A )
transitions from impurity levels into a complex valence band awzﬁ %: fil(ilv- N8B —ey+hw), (1)
of ap-Ge type semiconductor in the presence of UD is stud-
ied. wherev is a 4x 4 velocity matrix,w ande are the frequency

Uniaxial deformation qualitatively changes the characterand unit polarization vector of the radiatiop,is the permit-
of the hole states in the continuous spectrum and of the locdivity, i = = enumerates the deformation-split stafesf the
states close to thEg extremum. It is well known that the UD center, and, are states of free holes with momentpnand
of a semiconductor lowers the symmetry of this extrenfum. spin o in the upper §=(+op)) and lower §=(—op))

The general formula for the AC is

1063-7826/99/33(6)/5/$15.00 640 © 1999 American Institute of Physics
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b
a
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[
+p €+P
€p FIG. 1. Scheme of transitions from
] T an impurity center into hole sub-
bands in the absenc@ and pres-
ence(b) of a deformationX.
€p
S~ A
plx phx
a b c| d
E+
E E

energy subbands split by the uniaxial deformatiéig. 1). U i i
The impurity occupation numbefr describes hole redistri- Hoept > ep=Eiep, )
bution over thet levels with increasing temperatuiie P

E; E;
=71 - = -
fi=2 exp{ = Z=2 ex;:{ =|.

whereﬂp is the Luttinger Hamiltoniany is the normaliza-
tion volume, and the potential energy of a short-range center
located at the point=0 isuyd(r). From Eq.(5) we have the
Xdentity

)

We note that the spin quantum number of holes on impurit
centers is neglected aboyeven though the levels are spin-
degenerate i.e. because of the strong Coulomb repulsion of y
X . . , R . 0 . )
the holes only ;mgle-hqle filling of Fhe centers is studied. (Hp— Ei)<P'p: -V > (ppENi||>, (6)
The transition matrix element in Eql) can be trans- p

formed into thep representation
whereli) is a four-row column vector anll; is a constant.

(i|v-el\)= E qp'p?((,p. &) v 3 stmg the Green's function for free holes we write the wave
i’ unction, determined by the Koster—Slater type matrix equa-

where the four-row column vectorg), and #,,° describe tion (6), as

local impurity and band states, respectively. , R

The dispersion laws of the split hole subbands are aniso-  ¢,=N;Gg,(p)]i), (7)
tropic in momentum space and spin-degenerate, as a result of
which the spin indexr in &, can be dropped in what fol- whence one can see thst is the normalization coefficient,

lows. In the presence of deformation along th@xis we  and the column vecto}i) is found from the homogeneous
have (we neglect the crystal anisotropy in the absence obquation

deformation®
2 2\ 2 2 2 - ] - u -
g 22 i\/(%) + 2 sp, %Hg) @ RE+DH=0. X(E=7 3 Celp). ®

Herey;, y=1y,3are the Luttinger parameters,is the mass The free-hole Green’s function in Eq&) and (8)
of a free electron, an@,(p,/p)=P,(x)=(3x>—1)/2. The

energy A determines the splitting of the hole subbands, ~
which is proportional to the compressioA= aX, and for éE(p):z Pip
X|[100] «=6 meV/kba® The free-hole wave functions = e.p—E’
corresponding to the energie$ are presented in Ref. 6.

Hole states on a point-like center are described by as expressed here in terms of the enefdyand the projec-
Schralinger matrix integral equation tion operators ont states, which are given by the matrix

(Pup)ijr=2 v ™ " (9
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where a= y;p%/2m— yp?/m Py(p,/p)— A2, a*=a

—e.p, T=—\3 ¥im(p,+ip,), and g=3/2y/m(p,
—ipy)z. The matrixA (E) determined in Eq(8) is diagonal,

Adramov et al.

11l Y Y [
(K" o' plVp- efkap)= —(P-€) S Byt s~ (K0’ p|

X (e-J(p-J)+(p-J)(e-J)|kap.
(15

After calculating the matrix elements in E¢l4) and

performing the quite complicated summations and averaging
over the angle we obtain explicit expressions for the transi-

and the spin-degenerate levels are determined by the equen amplitudesM;(p).

tion [1+X\.(E)]=0. This equation is analyzed in Ref. 10,

As one can see from EL3), the absorption coefficient

where linear shifts of the levels under an applied pressure aié determined by four types of transitions: from each of the

obtained for small deformations. The normalization faddpr

split impurity levels into both valence subbandse indices

is determined from the standard normalization conditionl @ndk assume the values).

whereby the wave function of the cent&) is normalized to
7

1
1
UO/ s—Ei} .

Since\ (E) is diagonal, the four linearly independent solu-
tions|i) are given by the column vectors

d,

Ni= de

11

1 0
0 0
+D=[o|: 1+D=|4|
0 1
0 0
3 1 3 0
=D=[o| 1=D=|4]" 12
0 0

The formulaq7)—(11) determine the wave function of a hole
on an impurity center.

The spin-summed transition matrix elemé8} between
thei-th level and thetx hole states has the form

2 [(ilv-elkap)|*= 2 [ilGe,(p)(Vp-@)lkap)[%. (13)

wherek= = enumerates the hole subbands. Substituting into

Eq. (12) the expression for the Green’s functi¢® and us-

ing the fact that Eq(1) contains the matrix element averaged
over thexoy plane perpendicular to the deformation axis, we

obtain

2
(ko' p|v,-elkap)| |

14

(i|k'o"p)

k' o’ 8k’p_ i

27Td(P
Mik(p):fo >

>

(o8

where ¢ determines the orientation of the momentum in they, ) s (ho),

The energie€E. (X) of the deformation-split impurity
levels have been calculated in Refs. 10 and 11. For the ion-
ization energy(in the absence of pressiiig,~ 100 meV of
the centers and pressur@gp to 12 kbay considered in this
paper we used the initial sections of the curves obtained in
Ref. 10 that can be approximated by the simple linear laws
E_(X)=Ey—1.9X and E,(X)=Ey+2.2X. Here the posi-
tion of the extremum of the valence subbandsxatO is
taken as the zero point of energy, and the positive direction
is into the valence band. The functioks (X) for a specific
material are determined by the ratiq /\ of the Luttinger
parameters, which is the same for Ge and GaAs.

3. ABSORPTION SPECTRA

The spectral dependences of the AC were calculated for
centers corresponding to Zn impurity in Gé&g| =90 meV)
and Mn impurity in GaAs |Eq| =100 me\j. The calculation
is performed in a geometry where thexis is in the direc-
tion of deformation, the axis is in the direction of incidence
of light polarized along thec axis (x polarization:e,=1,
e,=€,=0) or thez axis (z polarization:e,=e,=0, e,=1).
The expressions fdv; (p) are written out in theAppendix

Figure 2 shows the computed spectral dependences of
the AC a(fw) at T=4.2 K and impurity density X 104
cm 3 for x polarization(Fig. 23 andz polarization(Fig. 2b).
The range of values di w is limited by 350 meV. This is
due to the fact that in Ge:Zn transitions into a spin-orbit
splitoff subband are possible even férw=380meV (in
GaAs:Mn fors w =430 meV}; these transitions make only an
additive contribution to the AC and do not affect the manner
in which the complex valence band of the deformed material
is reflected in the spectral dependences. The fact that the AC
for Ge:Zn is larger than for GaAs:Mn in Figs. 2 and 3 is
explained by the ratio of the Luttinger parameters:
(M el (¥)cans=2 and (y1)ce/ (v1) Gans= 2.

At T=4.2 K the impurity filling numberf , for the up-
per level is essentially zero, and the AC is determined by
transitions of the typéa) and(b) in Fig. 1b and 1c from the
level E_ into the valence subbands. The threshold value of
=& _p|p-o— E_=|Eq| —1.1X for transitions of

xoy plane, and k= * enumerate states on the center and i“the type () and (hw)b:8+p|P:0_ E_=|Eo|+4.9X for

the band, respectively. Expressing the velocity matres a

4X 4 matrix of the angular momentuth(Ref. 6 and intro-
ducing y= vy, +5%/2, we obtain

transitions of the typéb). Thus the contributions of the tran-
sitions(a) and(b) in the spectral curve spread along the
axis with increasing pressure. FoK=1kbar (iw),
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FIG. 2. Spectral curves of the absorption coefficient for various pressurefIG. 3. Spectral curves of the absorption coefficient for various tempera-
andT=42 K: a —e=1,e=¢,=0; b —e,=¢,=0, ,=1; 1-3 — tures andX=6 kbar: a—e,=1,e,=¢,=0; b —e,=¢,=0,e,=1;1,2—
GaAs:Mn,4-6 — Ge:Zn; X, kbar:1,4—1;2,5—6; 3, 6 — 12. GaAs:Mn,3, 4— Ge:Zn;T, K: 1, 3— 77; 2, 4— 180.

~(Aw), and the spectral curves are quite smooth. Ker6 3-4(Ge:Zn at different temperatures in Fig. 3, we write the

Kbar .the diﬁerencei(w)b—(ﬁw)aZSG .meV is already sub- AC for fixed deformationsX and photon energfiw in the
stantial, and an inflection corresponding to the onset of trang) .

sitions of the typeb) is noticeable forh w= (% w), in the
curves2, 5 (Fig. 2), which correspond ta polarization. At a(T)=f_(T)B+f,(T)C, (16)

X=12 kbar ((iw)a/(hw)p~1.9, curves3 and6 in Fig. 2 \yhereB andC are factors which to within a constant are the

the complex structure of the valence band is seen morg,nsition matrix elements into the valence subbands from
clearly: The initial growth(corresponding in Fig. 2b to the o |evels E.  and E., respectively. Sincef,(T,)

first maximun) is due to transitions of typé) only and the —f.(Ty)=f_(T)—f_(T,), which follows from Eq.(2),
maximum(in Fig. 2b the second maximyns due to transi- we obtain from Eq(16)

tions of type(b). The transition probabilities foz polariza-
tion are less sensitive to the structure of the valence band.  @z1=a(T2)—a(Ty)=[f,(To)—f.(T)](C—B). (17)

The fact that the maximum values on the spectral curveghe fact that the curves-2 and3—4 in Fig. 3 lie one above
in Fig. 2 are almost identical for different pressures is eX-another in order of increasing temperatures means that, ac-
plained by the pressure dependences of the transition matrgrding to Eq.(17), C>B (for T,>T, from Fig. 3 follows
elementM;, and the interband density of states determinedy,, >0 and thereforeC>B), i.e. the probability of transi-

by the 6 function: M;~X and the density of states1/X.  tions from the leveE. into the valence band is higher than
Intracenter redistribution of the holes and a simultaneougne probability of transitions from the leve._ .

increase in the contributions of transitions of the typeand

(d) to the AC occur with increasing temperature. In Fig. 3

this fact is manifested as growth of the left shoulder on the, ~yciusions

spectral curves for temperatures 77 and 180 Kat6 kbar.

The inflections on the curves forpolarization demonstrate The theoretical spectral dependences obtained for the ab-

the type of transitions arising under deformati(g); (a), and  sorption coefficient in this work

(d) (the inflection corresponding to the transiti@n is not a) reflect the complex structure of the valence band un-

noticeable against the background produced by transitions afer deformation;

the type(d)). b) contain information about the pressure-induced shift
To explain the order of the curves-2 (GaAs:Mn and  of the impurity levels;
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¢) make it possible to estimate the contribution of tran- y y1—2y  yi+2
. . i 3 _ B 1 1 Y«
sitions from the deformation-split levels_ andE to the M7k 3 (p p2) c+ a
. Y Y
AC; and,
d) attest to high sensitivity of the transition matrix ele- y § o T
ments to the valence band structure fqpolarization. X——alart-o),
The wave function constructed in this paper for an im-
purity center can be used to investigate various processes in vp,\ 2
which impurity states participate. We call attention to the M (W) —( pi)2
anisotropy of the wave function, manifested in the fact that 4m
the spectral curves for andz polarizations are different. _27 LY +2 6y 2
. . . 1 Y k .
Comparing the theoretical and experimental depen- X +— (p pz)) )
dences would make it possible to confirm the theoretical Y Y
models on which the present calculation is based. wherec=¢_,+&,,~E. .
This work was supported in part by the Ukrainian Min-  For transitions from the impurity levé_ we have
istry of Education, by the Ukrainian Fund for Fundamental )
Researci{Grant 2.4/97) and the Russian Fund for Funda- 3 _|Y (2= p?) it Vd_ Y1~ ya*k ak
mental ResearctiGrant 96-02-17409a and by the grant < Im PP v v
NATO HTECH.LG 960931. 3 5
Y
- ﬁ<p2+p§><d+ak)
5. APPENDIX 2
(p —3p2)(d-a"| |,
The matrix element in Eq14) is given by the expres-
sion 2
45/ yp
2,011 2 2,013 4 Mzk:4( Z) (d—a")? (p 2—p2)?,
Mik=Ail &5 (M +Mii) +e5 (M +Mi) ],
where 2 12 —2
Mg_k:(vnr:z) ( vly Y4 Yly Y k) o
Ai=((e_p—E)*(e.p—E)%a (e _p—e,p) N7, ,
3y
and the coefficients1!, (I=1—4) determine the relative —H(pz—pﬁ)(dJrak) ,
contribution from thex and z polarizations. For transitions
from the impurityE, we have 9 2_n2)\3
¥(P°—Pz)
M= 7( - ) (d-a"?,
2 4m m
ML 3 v_pz) nty 71_7ak)
Tk 2m Y ¥ whered=a—E_
y %
=3—(p*+p; —(p 2= pl)?
*)E-mail: tvn@laser.donetsk.ua
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Electric and luminescence properties of GaAs—A  "BVC} single crystals
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GaAs—A'BVCY single crystals are grown by crystallization from dilute gallium fluxed solutions.
The electric and luminescence properties of the crystals obtained are investigated. It is

shown that the technological process is accompanied by the standard doping of gallium arsenide
and makes it possible to grow gallium arsenide single crystals whose optoelectronic

properties are controlled by the'BY As, compound introduced into the fluxed solution.

© 1999 American Institute of PhysidsS1063-782809)01506-9

Professor N. A. Goryunova predicted and discoveredand after the crystals were extracted from the ampuls the
more than 40 years ago the semiconductor properties of inesidues of the solvent were etched off at room temperature
termetallic 111-V compound$:? Subsequently, it was deter- in concentrated hydrochloric acid.
mined that a continous series of solid solutions with a  X-Ray crystallographic investigations were performed
sphalerite lattice can be obtained on the basis of thesen the single crystals obtained from fluxed solutions with
compounds:* Both discoveries played a very important role different atomic composition, and the transport coefficients
in the advancement of semiconductor physics and technoln the temperature range 77—300 K and the spectral depen-
ogy, thereby determining one of the main directions of semidences of the photoluminescen(elL) at 77 K were also
conductor materials science, making it possible to obtainmeasured. Stationary photoluminescence was excited by ar-
semiconductors with the required properties by continuougon laser radiationNgy,=4579 A , P=100 mW/cn?) and
control of the atomic composition of multicomponent solid observed from the irradiated side of the crystals. The PL
solutions. In this respect the guestion of the character of thepectra were recorded with an MDR-3 monochromator with
interaction of 1ll-V compounds and their closest electronica 600 line/mm diffraction grating and an BE62 photomul-
analogs — AB'VC\Z’ semiconductors — is of interest. Solu- tiplier. The spectral resolution was no worse than 0.5 meV,
bility has been established and the possibility of controllingand the PL spectra were corrected by an instrumental func-
the fundamental and structure-sensitive properties of thed®n which takes account of the spectral dependences of the
materials have been demonstrated for a variety of systems tfansmission of radiation by the optical channel of the setup
this type® The present work, which follows this avenue, is and the sensitivity of the photodetector.
the first attempt to investigate thoroughly structural and op- 2. The x-ray investigations establish&ske Table )l that
toelectronic phenomena in materials obtained by crystallizathe single crystals obtained have the characteristic sphalerite
tion from gallium-rich fluxed solutions of gallium arsenide structure for 1llI-V compounds and unit cell parameger
and ternary ABVC) semiconductors. This ultimately which is the same as for GaAs to within the measurement
opened up new possibilities for controlling the electronicerror® Therefore, for the charge compositions and growth
properties of IlI-V semiconductors interacting with the ter-conditions employed appreciable dissolution of the
nary compounds AB'VCY in dilute gallium-based fluxed so- A"B'YAs, compounds in GaAs and changes in the type and

lutions. parameter of the crystal lattice characteristic for gallium ar-
1. The GaAs crystals were obtained by crystallizationsenide do not occur.
from gallium-rich fluxed solutions. Additions of presynthe- 3. The investigations of the transport coefficients in the

sized single-phase ternary compound8XAs, were intro-  samples obtained showed that the changes in the atomic
duced in a definite ratio with GaAs into the initial charge. composition of the ternary arsenides added into the crystal-
Table | gives the concentratiorfi;n mole %9 of GaAs and lization medium make it possible to obtain GaAs crystals
A"BVAs,, introduced into evacuated quartz crucibles to-with only hole-type conductivity. Taking account of the ef-
gether with 97% Ga. Crystallization proceeded at 650-fect of group-ll and -1V impurities on the electrical proper-
700 °C and was controlled by lowering crucibles containingties of GaAs'® there are grounds for believing that the
the charge with the indicated composition in a temperaturg@-type conductivity is due to predominant dissolution of the
gradientAT=30 °C /cm. Single crystals of the shape as thegroup-ll elements(Zn, Cd, while the presence of the
ampul were formed in the conical part of the crucibles as aroup-IV atoms is responsible only for compensation of the
result of directed crystallization. The solvent was decantedacceptors. It follows from Table | that the maximum level of

1063-7826/99/33(6)/3/$15.00 645 © 1999 American Institute of Physics
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TABLE |. Properties of GaAs—AB"V As, crystals.

Ratio of
T=77K
components

Sample Dopant A'BVCY: Type of p, cm 3 U, hom, b1, Aoy,
No. compound GaAs:Ga, mole% a A conductivity (T=300 K) c?/(V-s) eV meV* eV
1 CdSnAs 2.5:0.5:97 5.6530 p 5% 108 35 1.400 74(4% 33) 0.11
2 ZnSnAs 2.5:0.5:97 5.6532 p 2x10'% 20 1.388 90(56-40) 0.12
3 CdGeAs 2.5:0.5:97 5.6530 p 2x 10 10 1.378 74(4% 33) 0.13
4 CdGeAs 1.5:1.5:97 5.6532 p 3x10° 1.425 90(6% 29) 0.08
5 CdGeAs 0.5:2.5:97 5.6531 p 1.2x 10 75 1.471 40(25 15) 0.14
6 CdGeAs 0.1:2.9:97 5.65295 p 2.5x10'8 33 1.425 62(32 30) 0.08
7 CdSiAs 2.5:0.5:97 5.6530 p 8x 108 30 1.380 58(28 33) 0.13
8 ZnSiAs, 2.5:0.5:97 5.6528 p 7x10'® 20 1.462 34(28 14) 0.05
9 3.0:97 5.6530 p 1.509 40(26-19) 0

:;I'he values of the long- and short-wavelength half-widths of the PL bands at half-height are given in parentheses.
Afwm is the difference betweehw,,, for undoped GaAs anflw,, for GaAs—A'B" As, crystals.

doping of GaAs by acceptors is obtained by introducing 4. For p-GaAs crystals grown in the presence of the
CdGeAs into the charge. Changes in the CdGgAsntent  arsenides AB'VAs, (see Table)l as a rule, one band pre-
give rise to changes in the hole density. On the whole it cawvails in the spectral dependence of the photoluminescence
be assumed that the density and Hall mobility of holes in thantensity. Figure 3 shows the typical PL spectrum of one
samples obtained are the usual values for gallium arsenidguch crystalcurves2 and3) compared with a GaAs crystal
obtained by doping with group-Il elements, while the disso-which was not deliberately dopédurvel). One can see that
lution of group—IV elements was found to be insufficient for the maximum? w,, of this band is red-shifted relative to the
conductivity inversionp—n.

The temperature dependences of the Hall coefficient
and conductivityo (Fig. 1) in crystals grown in the presence
of A"BVAs, compounds are also close to those characteris-
tic for gallium arsenide doped only with zinc or cadmitfh.
The temperature dependences of the hole Hall mobility for
the crystals obtaine(Fig. 2 show that the dominant scatter-
ing mechanism in such samples is hole scattering by static
lattice defects.
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FIG. 1. Temperature dependences of the conductiwityl—3 and Hall FIG. 2. Temperature dependences of the hole Hall mobility in
coefficientR (1'-3') of p-GaAs—A'B"VAs, single crystals. Sample num- p-GaAs—A'B" As, single crystals. Sample numbels:— 2; 2 — 3;3 —5;
bers:1, 1" — 1; 2, 2" — 3; 3, 3’ — 5. The numbers correspond to Table |. 4 — 6.
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creasingL into the long-wavelength region of the spectrum.
The rate of this shift with an order-of-magnitude decrease of
the excitation density i9(%# w,)/dL=14—16 meV at 77 K

in all crystals obtained in the presence of addéBXAs,.

This shows that the observed bands are due to donor-
acceptor radiative transitions. The group—II atof@sl and

Zn) apparently are acceptors, while the group—IV elements
(Sn, Ge, and Siare donors. In this case the dependence of
fwy, on the nature of the ternary compound$BA As, in-
troduced into the solvent and their concentratidor ex-
ample, CdGeAg can be attributed to changes in the chemi-
cal nature of the atoms in the acceptor vapors and the
distances between their constituent components. The total
width 8y, of the PL bands at half-heiglisee Table )l also
depends on the real structure of the ensemble of lattice de-
fects in such single crystals.

5. To determine the possible anisotropy of the physical
properties of GaAs crystals, which in principle can arise as a
result of positional ordering of group—Il and -IV atoms in the
gallium sublattice in GaAs, we also attempted to observe the
anisotropy of photoluminescence. Our experiments did not
show any anisotropy of radiative recombination in the
p-GaAs—A'B"V As, crystals obtained. From this it can be in-
ferred that as a result of the technological processes con-
ducted the concentration of group—Il and —IV impurities dis-
solved in GaAs does not exceed the usual doping limits. It is
obvious that to attain ordering of group—Il and —IV atoms in
the GaAs lattice with a lowering of its symmetry, the con-
centration of the dissolved impurities must be increased.
FIG. 3. Spectral dependences of the photoluminescenpeGatAs(1) and ~ APParently this is still a substantial technological problem,
p-GaAs—CdGeAs (2, 9 at T=77 K . Sample numbers: — 9; 2, 3— 6.  Whose solution could make it possible to achieve high non-
Excitation levelL, arbitrary units:1, 2— 1.0;3 — 0.15. linear susceptibilities of 11I-V semiconductors and therefore
provide real possibilities for using such crystals in
nonlinearly-optical laser frequency convertérs.

We thank A. A. Vdpolin for performing the x-ray crys-
tallographic investigations and for a helpful discussion.
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maximum of the PL in the crystal which was not specially
doped.

Probing of the surface of the crystals by the PL-exciting
probe (diameter=0.1 mn) showed that the parameters of
the observed bands are quite reproducible from point to point
along the surface of the same crystal as well as in different

crystals from the same batch. This shows that the technologi-

. . . 1G. A. GoryunovaAuthor's Abstract of Candidate’s Dissertati¢Rhysi-
cal process based on interaction of GaAs WItHBNASZ cotechnical Institute of the USSR Academy of Sciences, Leningrad,

compounds in a gallium solvent makes it possible to obtain ;54

quite homogeneoug-GaAs crystals. It is also evident from 2z . Alferov and B. V. Tsarenkov, Fiz. Tekh. Poluprovodi®, 2113

Table | that the energy position of the photoluminescence (1985 [Sov. Phys. Semicond.9, 1303(1985].

maximum?7 w,, clearly depends on the atomic composition 3N. A. GoryunovaComplex Diamond-Like Semiconducting Compounds of

of the ternary arsenides'B" As, introduced into the crys- ~ Group-lil and -V ElementsMir, Moscow, 1967.

tallization zone. The value af% w,,, which is the difference  \; 2, Goryunova and N. M. Fedorova, Zh. Tekh. F25, 1339(195S.

between the energies of the PL maxima in GaAs crystals ?sfv rCaz dier&'zzzg:vmfgj'md by N. A. Goryunova and Yu. A. Valov

which have not been de"berately doped and which COI’]t‘r:lmﬁHandbook ’of the Ph;/sicochemical Properties of Semiconducting Materi-

impurities (see Table ), can be used to judge the relative s (Nauka, Moscow, 1978

depth of the corresponding centers formed as a result of théc. Hilsum and A. C. Rose-InneSemiconducting I1I-V CompoundBer-

interaction between GaAs and ternary arsenides in the fluxedgamon Press, New York, 1961; Inostr. Lit., Moscow, 1p63

solution. 80. MadelungPhysics of I1l-V Compound&Viley, New York, 1964; Mir,
Investigations of the effect of the excitation denditpn QM?EC.ogﬁrizfind R, Panday, MRS Bullo, 16 (1998,

the photoluminescence of our crystals showed a parallel shift

of the band wings and of the band maxirha,, with de-  Translated by M. E. Alferieff
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The previously observed unusual dependences of the thermoelectric and thermomagnetic
coefficients of strongly doped HgFeSe crystals on temperature and magnetic field intensity are
studied theoretically. It is shown that the observed dependences are due to the combined
effect of electron scattering by spatially correlated charged dondBstFet low temperatures

and the reciprocal drag of electrons and phonons, which plays a large role in
semiconductors with a high density of itinerant charge carriers.1999 American Institute of
Physics[S1063-782809)01606-3

1. INTRODUCTION nors in HgFeSe crystals becomes spatially correlated. Unfor-
tunately, this model cannot explain other anomalies in the
Iron-doped gapless HgSe semiconductors possess tAermal magnetic coefficients in HgFeSe.
number of unique electronic properties which are responsible In our view the anomalous behavior of the thermoelec-
for the “anomalous” behavior of the transport coefficients in tric and thermomagnetic coefficients in these compounds has
these materials.Some of the observed features have beern quite simple explanation. Indeed, in the temperature range
explained by electron scattering by a spatially correlated syst0—30 K it is impossible to construct a correct theory of
tem of iron impurities: However, the unusual field depen- thermomagnetic and thermoelectric phenomena in gapless
dence observed for the thermomagnetic coefficients in thesgrystals without taking account of phonon drag, which is due
materials in Ref. 3 has still not been discussed in the literato the appearance of anisotropy of the phonon distribution
ture. function in the presence of a temperature gradient. Phonon
It is known that the thermoelectric power(H) of a  drag effects greatly increase the thermoelectric power and
degenerate electron gas in a classically strong magnetic fielsave been studied in detail for the case where phonon relax-
H saturates and does not depend on the mechanism of scation is determined primarily by nonelectronic scattering
tering of itinerant charge carriers. However, as follows frommechanisms %,,< 7,.), wherer, is the phonon relaxation
the experimental data of Ref. 3, which are presented in Figime due to nonelectronic scattering mechanisms gnds
1, saturation of«(H)| in HgFeSe crystals occurs only in the the phonon relaxation time due to the interaction with
most highly iron-doped HgSeFe sample=4x10?°cm 3.  electrons’
For samples with a lower iron density, a maximum of the  In the more complicated case where the relaxation times
dimensionless longitudinal Nernst—Ettingshausbi) ef-  are comparable,,~ 7,c and 7o~ 7¢j, Whererg, is the re-
fecte,=eAalky, whereky is Boltzmann’s constangis the  laxation time of electrons on phonons arg is the relax-
absolute value of the electron charge, afd=|a(H)| ation time of electrons on impurities, the transport equations
—|a(0)|, is observed at a certain value of the magnetic fieldfor the phonon and electron distribution functions must be
H=H,,. Such a nonmonotonic dependence is very unexsolved simultaneouslythe situation of reciprocal drag of
pected and requires additional explanation. Moreover, @lectrons and phonohsNumerical estimates show that this
minimum, whose magnitude and position depend strongly orcase of reciprocal drag occurs for HgFeSe and HgSe samples
the iron content in the sample, is observed in the ca{E), at low temperatures.
whereT is temperature. Several papers have been devoted to the solution of the
The nonmonotonic behavior of the thermoelectric powersystem of transport equations for the phonon and electron
observed in the experiment of Ref. 4 as a function of the irordistribution functions taking account of reciprocal drag.
content in a sample at fixed temperature in the low temperaAppef and Parrot have calculated the thermoelectric and
ture range T= 10— 20 K) is also a complete mystery. As the thermomagnetic coefficients for nondegenerate semiconduc-
iron impurity content increases, the quantityNgo) at first  tors, and Gurevich and KorenBlihave found an expression
3, and then in- for the electron and phonon distribution functions for a

decreases, starting dtipe=5x10% cm™3,
creases, reaching a maximum Mg=2x10° cm 3, and  strongly degenerate electron gas. However, Gurevich and

once again decreases at higher iron impurity content. Korenblif considered only the thermoelectric coefficients,
Since these results cannot be explained on the basis ¢#aving aside thermomagnetic effects.
the standard theory of thermomagnetic phenonieha, au- In summary, the field dependence of thermomagnetic ef-

thors of Ref. 4 proposed a model in which the above-notedects in degenerate semiconductors under the conditions of
anomaly in the thermoelectric power was attributed to sup+eciprocal drag of electrons and phonons has still not been
pression of phonon scattering, if the system of charged dostudied at all.
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5 INg koTh(q) . 1
Al (hog?rua)  27ak)kdg
[I_ =
2k ho\[of°
X fq/zk( b(q) - ax) (g)dk, (©)
w I
NS 0 ’ ! &Ng
oL Ng=Ng+Ng, Ng= _&ﬁwq (g-b), wq=rsq.
Here 7, is the relaxation time due to nonelectronic mecha-
11 nisms (phonons on phonons, defects, and s9. dihe un-
known functionsy andb(q), characterizing the deviations of
, , ) , the systems under study from equilibrium depend only on the

0 10 20 30 40 modulus of the corresponding wave vectors and must be de-
H, kOe termined by solving the system of transprot equations.
FIG. 1. Dimensionless field of the longitudinal Nernst—Ettingshausen effect We shall write the transport equations for our sub-
versus the magnetic fiel(according to data of Ref.)3or two HgFeSe  Systems, taking into consideration the collision integfa)s
samples with densitig,, 10°° cm™® 1-4 — 0.1,5 — 4. Temperaturd,  and (3). The transport equation for conduction electrons in
Kil—18,2—253—42,4—64,5—58 uniform electricE and magneti¢{ fields in the presence of a
temperature gradier® T can be written as

r(kym [ 2

In the present paper we shall show that the conventional B(K)=x(g) —[aX x(e)]- ———— | g%b(q)daq,
theory of thermomagnetic phenomena cannot explain virtu- 4t ra(k)k*Jo
ally any of the experimental results obtained in Refs. 3 and 4,
which can be explained if the reciprocal drag of electrons B(k)= — 7(K)| ee+ SK_SFVT}
and phonons is taken into account. T ’
eH
a= wOTA( k)h, wO:m_Ci (4)

2. SYSTEM OF TRANSPORT EQUATIONS

. . . =E—
In studying the transport equation for conduction elec- € Verle,

trons we shall take account of the interaction of electronsvhere w, is the phonon frequency; is the gradient of the
with acoustic phonons and impurities, scattering by whichelectrochemical potentiaé is the chemical potential of the
predominates at low temperatures. The collision integral irelectrons, andh is a unit vector oriented in the direction of

this case can be written as the magnetic field. We write similarly the transport equation
0 for the phonon distribution function:
I 1 J'zk 3k b ( )d
TR0 anonkt Jo TR G ] slo o kaTb(@) 1
(1) Qhoq (hwg)?rpp(q)  27a(k)kq
where fwk b h ot dk 5
1 EdkTmk ) X P@ = x| 5 dk ©

f=f0+f,

Ta(K) - mps?hi® The equationg4) and (5) are the starting equations for de-

9f%\ [ K termining the transport coefficients in the presence of recip-
( )(FX) (2) rocal drag of electrons and phonons.

As follows from the results of Ref. 8, the system of

Ey is the deformation potential constastjs the sound ve- equationg4) and(5) can be easily solved if the step charac-
locity constantmis the electron effective mass, apds the  ter of the distribution functiorf[ (e —e¢)/koT] is used in
density of the crystalr(k) is the effective electron momen- the collision integral(3) in the transport equation for the
tum relaxation time due to electron collisions with equilib- phonon distribution function, taking account of the strong
rium phonons and other scatteref§(k) is the nonequilib- degeneracy of the electron gas. The simplified system of
rium correction to the equilibrium distribution function equations so obtained can be solved exactly.
f9(k), andk is the electron wave vector. A method for solving the system of equatidds and(5)

We shall write the collision integral in the transport has been discussed in detail in Ref. 8, and there is no need to
equation for the phonon distribution function, taking into revisit this question here. We can only propose a somewhat
consideration the scattering of acoustic phonons by electrordifferent solution procedure, leading to the same results, but
and other(nonelectronit phonon relaxation mechanisms, in demonstrating more clearly the crux of the approximations
the form made.

fr=

de
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It is obvious that the system of equatio@s and(5) can
be written for electrons with energy,=eg. This system
can be easily solved, using the approximatiof®/ de,
=8(ex—€g) in the expressiols); this makes it possible to
find the correction to the electron distribution function

x(eg) at the Fermi surface. Then we can return to the solu-

tion of the system of equatiorid) and (5) for arbitrary val-
ues ofe,. Retaining on the right-hand side of E¢) the
contribution to the integral only at the Fermi surface, we
once again have an algebraic system of equationy(fex).

For specific calculations it is necessary to introduce the

explicit form of the nonelectronic phonon relaxation mecha-

nism. For the latter we shall consider the mechanism of

Simons

h
5

koT

s (6)

Top = Asll,

=)

I. 1. Lyapilin and Kh. M. Bikkin

|

x(&)=—er(k)
wor(K)[hX e ]—[hX[hx £]]
R

><|(h-s*)h+

EKTEE

T

—7(k) :(h'VT)h

wor(K)[hX VT]—=[hX[hX VT]]
* R

]

koT{
(k)1 (h-VT*)h

Using the algorithm described above it is easy to find arfiere

equation for the correction to the electron distribution func-
tion x(gy):

B=x—[ax x]—G{B(sr)—1*(kg)h(h-Bl(eg))

4 VT
—v(kg)[hXB(eg) ]} + §HkoTT(k)7,

4 VT
B(SF)Z—T(k) ee+ §H|(OT?), (7)
G by R(ke) =1+ 13(k
T ) ARG Rke =Lk,
- 1 _ 2koTh?kq Ta(k)  2(KkoT)* -
S Y m(fieg)? (@) ER(m?
(k)
H*z%ﬂ, W(ep)=r(ke)wg(1-T1F)"L  (9)

It is evident that the structure of EqS) is the same as in the

+wor(k)[h><VT*];[hx[h XVT*]]}, (11)
R=1+[wor(k)]2
4
VTF=VTi(A 8+ Ay, AF=3TI(L1+S)),
s, I ra(ke) 1 (12)

T-1) AR 14 03(ke)

The components of the tensors which we have introduced
have the form

0O -1 0

0 0  wike)
A* _EHS*
pij =3 11S] -

Using the expressiofil1) for the correction to the elec-
tron distribution functiony(e,), we can write an expression
for the components of the charge flux density in the sample
Ji=oijej— B;;V;T and find the components of the electrical
conductivity tensor

classical theory of thermomagnetic phenomena, and all

changes are due to the renormalization of the thermodynamic o,,=e€
forces and the electron mean-free path lengths. Therefore it

can be rewritten in the form

Inm* v(eg)
1-11* 1+ v%(ef)

2

Ko(1+Sp) ~Kg

L v(eg)
O1-11* 1+ V(&)

oxy= €’ —Kg(1+S,)—K (14)

(Sk_gF)5ij +A
T

— (k)| es? + PUY T|=xi—[axxl;,

and the components of the tens@g in terms of which the
transport coefficients of interest to us can be expressed:

a=h7(k)wg,
e 4
el =&)(Spi T Spip)i Apij=Ap Gt A (10 Bxx=${Ki+§koTH Ko(1+Sy)
Introducing together with the vectar the effective thermo- I*
H V(SF)

dynamic forceVT*, we write the solution of Eq.10) in the
form

|

O 1-11* 14 12(sp)
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e 4

., L ko4
Bry=71 ~KI(1+8)~ gkoTII =

KE(1+S,) =g 3 170 (21)

This result is not unexpected and is due to the fact that at
_ (15) ultarlow temperatures the relaxation of phonons by the
sample boundaries must be taken into account.
The expression&l8) and(20) completely determine the
temperature and field dependences of the thermoelectric
power in a classically strong magnetic field. As follows from

Ll v(eg)
01— 1% 1+ v%(ep)

The quantityS, appearing in Eqs14) and(15) can be cal-
culated at the Fermi surface fae=kg, and

K: (2m)32 = [ af, the result418)—(20), the quantity describing the longitudinal
W= T J . e¥27(e)(e—¢ep)" Nernst—Ettingshausen effect, in contrast to the case where
Kl 3m%h*mg Jo & the reciprocal drag of phonons and electrons is neglected,
1 contains only one additional paramefdi*, determined by
- - Egs.(8) and(9). For S,=0 Eq.(18) agrees with the known
1+[wor(e)]? result obtained in the absence of dPatn the differential
,» 1=0,1. (160 measurement method used in Ref. 3, the quantify is
woT(€)

— eliminated from the final result, so that in analyzing the field
1+[wo7(e)] dependence in what follows we shall analyze only the con-
tribution of the diffusion thermoelectric powelﬁX (18).

3. CALCULATION OF THE THERMOELECTRIC POWER 4. NUMERICAL RESULTS

We shall use the above-obtained expressions to analyze The expression§l8) and (20) make it possible to ana-
the temperature and magnetic-field dependences of the thqy,e the thermoelectric power as a function of the various
moelectric power in the compounds HgSe and HgFeSe. Asyarameters for HgSe and HgFeSe crystals. We start with the
suming the heat flux to be directed along thaxis, we write  temperature dependence of the thermoelectric power in a
the expression for the differential thermoelectric power in a,grq magnetic field. For numerical analysis we employed the
magnetic field the effective massm=0.065n, and crystal density

Bt OB p=8 glcnt. We assu_med the deformation potentiql constant
axxzw_ (17)  to be Ey=10 eV. This value follows from analysis of the
Txxt oYy temperature dependence of the conduction—electron mobil-

ity. According to Ref. 2, the mobility of itinerant carriers in

Since under the experimental conditions of Refs. 3 and gSe and HgFeSe compounds is constant temperatuFe to
the electron gas is strongly degeneratexkoT), we repre- =30-40 K, which shows that the electron scattering by a

sent the thermoelectric power, after calculating the integrals . =
HL HoL 4 u d . . system of charged centers predominates. The mobility de-
Ko™~ andKy ™, asay,= ay,+ ay,, Wherea,, is the diffu- . .

crease observed at higher temperatures is due to electron

sion part of the thermoelectric power scattering by acoustic phonons. For this reason, to estimate
g ko 2 KoT Eo we assumedp= e, at T=40 K.
XX e 3 ef The computational results for the thermoelectric power
of an HgSe crystal versus temperature are displayed in Fig.
) 1 2. Curvel corresponds to electron densityx40® cm™3,
(1+S5) + DSprg(1-117) and curve2 was calculated fon=4x 10 cm3, It follows
2 2, 2c2 ' from the calculations that increasing the content of charged
(L vp(L+S) 7S] centers in HgFeSe crystals shifts the minimum of the ther-
(18)  moelectric power to lower temperatures, as happens in the
experiment of Ref. 9. For comparison, the depender(d®
) (199  from Ref. 10 is presented in the inset in Fig. 2. We note that
7(&F) the shift of the minimum of the thermoelectric power will be
The termay, determines the drag thermoelectric power angStronger if phonon scattering by defects is also taken into
is different from zero in zeroth order in the parameterdctount.

3 2
5(1+v9)+D

7' (eF)

vo=wo7(ep), D=ef

koT/eg: We shall now discuss the magnetic-field dependence of
the dimensionless Nernst coefficient. Figure 3a shows the
y ko 4 1 2m(koT)* result of a numerical calculation of the dimensionless Nernst

Ayy= — Egn, II= (20)

coefficient as a function of the magnetic field at low tem-
peratures for an HgSe crystal. It was assumed that the itin-
Its value depends on the magnetic field and the nonphonoerant charge carriers are scattered mainly by a system of
mechanismcs of electron momentum relaxation. TAs 0,  randomly distributed impurity centersDE 3/2) (Ref. 5;

the drag thermoelectric power becomes “anomalously”curvesl-3). The curves4 and5 correspond to higher tem-
large peratures, where electron scattering by acoustic phonons
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FIG. 2. Absolute thermoelectric power versus the temperature in HgFeSe
with iron contentNg,, 10 cm™3: 1 — 2,2 — 4. Inset: Data of Ref. 10.

0.4

makes the main contribution to electron relaxatidor T
>40 K, D=—1/2) and the drag contribution is substantially
suppressed. As one can see from the computational resuli
presented, the magnetic-field dependencesdfH,T) is
more complicated at low temperatures, where electron scat
tering by impurities dominates and the contribution of drag
effects is also substantial. For intermediate magnetic fields
e, Sshows a change in the sign of the effect and is a non-
monotonic function of the magnetic field. It is obvious that
such an unusual dependencgH,T) is due to the recipro-
cal drag of electrons and phonons. At high temperatiires
>40 K scattering by acoustic phonons dominates, and
ex(H)>0 and approaches saturation with increasing mag-
netic field. ~0.4r

We nO_W turn to the analys'S QfX(H'T) in HgFeSe FIG. 3. Computed dimensionless field of the longitudinal Nernst—
crystals (Fig. 1) for a sample with iron contenNg.=1 Ettingshausen effect versus the magnetic field for samples- HgSe(the
x 10*° cm~3.2 First, in the entire range of magnetic fields curves1-3 were calculated fob =3/2, and the curves, 5 were calculated
investigatedH =0—40 kOe and in the temperature ranfe for D=—1/2), temperaturg, K: 1 —5,2 — 35,3 — 20,4 - 65,5 — 50.
=18-60 K the effect has a positive sign. It is obvious thatg:;'gFeseD:l/z)' temperaturg, K: 1 —5,2—35,3—15,4—25,
this behavior of the coefficient,(H,T) is due to the pres-
ence of strong Coulomb correlations in the system of donors
Fe(2+).2° Comparing the temperature dependence of thémpurity system and a decrease in the role of the drag effect
mobility in compounds HgFeSe with various iron atom con-with increasing temperature. The coefficieR{H,T) can be
tents showsthat for a high iron content the energy depen-found in explicit form using the computational results for the
dence of the relaxation time at low temperatures becomeslaxation time for a strongly correlated impurity systém.
closer to that occurring for electron scattering by acoustitHowever, the unusual behavior ©f(H,T) can be illustrated
phonons. This is why the sign of the longitudinal Nernst—more simply. The computational results for the dimension-
Ettingshausen effect becomes positive evenTatl5 K, less Nernst coefficient fob =1/2 are displayed in Fig. 3b.
while in HgSe crystals the change in the siiom negative  This value ofD reflects an average energy dependence of the
to positive occurs aff=30 K.° On account of these circum- relaxation time, falling between the impurity and phonon de-
stances the sign of the effeef(H,T) is positive in the ex- pendences. As one can see from the curves presented, the
periment, and its behavior as a function of the temperatureoefficiente,(H,T) determined in this manner is very close
reflects the character of the evolution of the impurity systento that observed experimentally. This is definitely a confir-
as a result of a decrease in the degree of correlation in theation of the fact that the reciprocal drag of electrons and

0.2

€, , arb. units

i
S
[N
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phonons together with electron scattering by a system ofgFeSe crystals. As the iron atom density increases further,
charged donors are responsible for the “anomalous” behavthe decrease of the thermoelectric power, just as the mobil-
ior of the thermoelectric coefficients in the compounds in-ity, is due to the predominant contribution to scattering of
vestigated. electrons by the alloy potentfaind phonons by defects.

We now consider the anomalous dependend;.) at In summary, the anomaly in the concentration depen-
low temperaturesT=10—20 K) in a zero magnetic fielti. dence of the thermoelectric power,(NgJ), just as the non-
The contribution of the drag effect to the thermoelectricmonotonic dependence of the mobility on substitution impu-
power «(T) is predominant in this temperature range. rity content in HgFeSe crystals, simply reflects the character

We anticipate the calculation with two remarks. In the of electron scattering in these compounds, which is due to
first place, the density of itinerant carriers in HgSeFe crystalshe appearance of strong Coulomb correlations in the impu-
is determined by the iron atom content in the sample. Irity system. The introduction of additional suppression of
increases linearly with the content of iron atoms in HgFeSescattering by phonons, which was studied in Ref. 4, to de-
right up to densityN~4.5x 10 cm™3. As the iron content  scribe this effect is superfluous.
in the sample increases further, the density of itinerant
charge carriers and therefore the density of charged centees concLusions
Fe(3+) remains constant in a quite wide rarfg@his is due
to stabilization of the Fermi level at the iron donor level, The unusual experimentally observed dependences of
located in the conduction band at enerfy=210 meV. the thermoelectric and thermomagnetic coefficients for HgSe
Only the density of neutral iron atoms (@e-) increases in and HgFeSe crystals with different iron content in the clas-
this case. In the second place, according to the correlatiopical range of magnetic field intensity at low temperatures
modef electron scattering by charged ions(&e€) is sup- have been explained qualitatively and quantitative_ly. It was
pressed WheMNge(s:)>Nee(o+) - A mobility increase is ob- shown that th_ese dependences are due to scattering of elec-
served experimentally with increasing iron content in thetrons by spatially correlated charged donorg3He at low
density rangeNg<2x 10" cm 3, and the mobility de- temperatures and the reciprocal drag of electrons and
creases as the iron density increases further. phonons, which plays a large role in semiconductors with a

On this basis we shall now consider the dependenc@igh density of itinerant charge carriers. It would be interest-
a(Ngo).* The decrease of the thermoelectric power,.( ing to investigate on the basis of the model considered above
~1/e¢) with increasing content of iron substitution impurity the effect of the reciprocal drag in these compounds on other
simply reflects the fact that the Fermi energy~(n  transport coefficients.
=Nre(ai))?2 It is obvious that such a dependence of the  This work was supported by INTAgGrant 93-3657.
thermoelectric power will remain until the Fermi level is
pinned at the donor level of iron. As the iron content in
HgFeSe crystals increases further, in the standard theory and. G. Kuleev, 1. I. Lyapilin, A. T. Lonchakov, and I. M. Tsidil’kovskizh.
neglecting other phonon scattering mechanistits ex- szép'K E'Ieeog\./FliziloL&alﬂifléiln?(;gg? [&Eziéﬁ:k?cgjsﬁg?]& <o, Teor. Fir
ample, phonon scattering by defects plateau should be 100 1652(1593'[53;\/? Phys, JETHS, 8983(1993] p. Teor. Fz.
observed in the curve of the thermoelectric power versus the, ' kyieev, 1. I. Lyapilin, A. T. Lonchakov, and I. M. Tsidi’kovskizh.
impurity content. However, the reciprocal drag of electrons Eksp. Teor. Fiz106 1205(1994 [JETP79, 653 (1994].
and phonons renormalizes the diffusion contribution to the“:ékG- }SI'UIeeVIY:A.l L-l ngch%gov'JE\T(;é YAFilggVilé gﬁmd G. I. Kuleev, Zh.
thermoeleCt.nC powefan .addltlonal depende_nce on the Qlec- SB.SI\F/)I: Az(k)zra.roxlfizleétronic( PheanE)mena ir’1 Sengicon%]ﬁctdmuka, Mos-
tron scattering mechanisig:(0) appears Since the main ¢4y 1985,
source of electron scattering at low temperature is scatteringJ. Appel, Z. Naturforsch. A3, 386 (1957.
by mpurty centers, and s apprecialy suppressed by Couy & E010, e, T S o v .5
Iomp cqrrelatlons, whu;h are 'presen.t in the impurity system (1'96'4) [Sov. Phys. Solid Stat, 6617(1964)]. : 9 ’
at high iron atom densit§/this is the circumstance that leads 9| . Kuleev, I. I. Lyapilin, A. T. Lonchakov, and I. N. TsidilkovskiFiz.
to a nonmonotonic variation of the thermoelectric power in Tekh. Poluprovod28, 937 (1994 [Semiconductor28, 544 (1994].
this concentration range. It is obvious that the nonmonoto-"B- Tieke, R. Fletcher, J. C. Maan, W. Dobrowolski, A. Mycielski, and
nicity appearing ine(NgJ is similar in nature to the non- A Witin. Phys. Rev. BS4, 10 565(1996.
monotonicity arising in the investigation of mobility in Translated by M. E. Alferieff
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SEMICONDUCTOR STRUCTURES, INTERFACES AND SURFACES

Scanning tunneling microscopy investigation of the microtopography of SiO > and Si
surfaces at the Si/SIO , interface in SIMOX structures
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The microtopography of silicon and silicon oxide surfaces in SIMOX structures is investigated
by scanning tunneling microscopy. A method of using scanning tunneling microscopy to
study Si/SiQ interfacial roughness is developed for this purpose. It is shown that the relief of
the silicon surface in SIMOX structures is smoother than that of the oxide surface. The
observed Si/SiQinterfacial roughness is due to oxygen ion implantation in the silicon single
crystal. The roughness of the Si@nd Si surfaces at the Si/Si@nterface is compared

for the standard and high-temperature oxidation of the silicon single crystall99 American
Institute of Physicg.S1063-782609)01706-9

One way to increase the speed of semiconductor devicels EXPERIMENT

is to_decrease the thickness of the insulgtor _in_metal—qxide— Figure 1 shows diagrams of the SIMOX, WITNESS, and
semiconductofMOS) structures. In so doing it is especially THERMAL OX samples investigated in the present work.
important to monitor the structural perfection of the The arrows show the surfaces studied. The SIMOX structure
semiconductor/insulator interface and to know the nature anghown in Fig. 1a was obtained by implanting oxygen ions in
properties of various defectslectron and hole trapping cen- a silicon substrate, resulting in the formation of a buried
ters, and so on In recent years a great deal of attention hassilicon oxide layer with a thin layer of amorphous silicon on
been devoted to silicon-on-insulat@0|) structures, which top.

are promising for radiation-resistant semiconductor devices, Our problem is to investigate the roughness of single-
and possess high operating speeds. The large class of SOystal Si/buried-Si@ and buried-Si@amorphous-Si inter-
structures includes SIMOXSeparation by IMplantation of faces. Since the STM method is a method of direct probing
OXygen layered systems, obtained in a complicated technoof @ surface, the amorphized-Si layer on top must be re-
logical process, a result of which is that a buried-oxide layermoved in order to investigate the roughness of the buried
the so-called BOX layer, is formed in the silicon substrate. 1t5/C2 Surface. To obtain information about the structure of
should be noted that the structure and electrophysical pro he single-crystal _Sl/bu_rled-S@terface, the amorphized Si
erties of the buried SiQlayer® are substantially different ayer and the buried Silayer both must be removed. Dry

from those of silicon oxide obtained by thermal oxidation of :aigcshI(;]fgsfggg\)(le;er‘:gtshggia\;vmeﬁleezasrgVtvoetr:r::ck)]\llr:ag%veE;;eléyer
a silicon subs.tr.ate.. ) L of amorphized silicon. Either method can be expected to
Af photoinjection investigations of SIMOX StruCtures cpanqe the structure of the buried Siurface and even
show;" deep and shallow electron traps are present in thg,quence the morphology of the single-crystal Si/buried-
buried oxide layer. Such traps are not observed in thermakio, interface. In the present work we endeavored to com-
oxide. They are due to silicon clusters in the buried-oxide

layer in the immediate vicinity of the Si/Sinterface. One

model describing Si/SiQinterfacial roughness suppoéés a b ¢

that the silicon clusters are several nanometers in size. The SIMOX WITNESS THERMAL OXIDE
density and sizes of these clusters largely depend on the oxy- Top Si fayer

gen ion implantation and high-temperature annealing pro- — — —

cesses. The clusters strongly influence the structural perfec- Buried Oxide Thermal Oxide Thermal Oxide
tion of the interface and can be detected by structure- — —

sensitive methods. In the present work we have developed a Si substrate Si substrate Si substrate
method for using scanning tunneling microscqi®TM) to

|n\{est|gate the sizes of the |rregulgrlt!es of the .buned SIIICOr‘:IG. 1. Diagram of SIMOX(a), WITNESS (the SiQ layer was grown at
oxide and silicon surfaces at the Si/Sildterface in SIMOX  1-1325°Q (b), and THERMAL OXIDE (the SiG, layer was grown at

structures. T=1100°Q (c) structures.

1063-7826/99/33(6)/4/$15.00 654 © 1999 American Institute of Physics
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pare the etch results obtained with these two methods. W
used the standard method of etching an oxide in a 10% sc
lution of hydrofluoric acid to gain access to the silicon sur-
face.

The STM method requires a uniform conducting surface.

For this reason, a 15 nm thick gold layer was deposited ther
mally on the surface of the experimental samples. Specic
experiments showed that the deposition of gold on the silicot
and silicon oxide surfaces does not change the structure ¢
the surface roughness by more than 1 nm.

In the present work an STNbuilt in the Laboratory of
Physical Electronics, Department of Electrical Engineering,
Scientific and Research Institute, St. Petersburg State Un
versity, on the basis of PKR-6 piezoelectric cergmitich Z pm
permits investigating a conducting surface in air was used t
study the microtopography of the silicon and silicon oxide 0-015
surfaces. The instrument was calibrated using a diffractior g o190
grating (2400 lines/mmy, highly oriented pyrolytic graphite,
and a 22 nm high silicon step. The resolution of the scanning 8
tunneling microscope for these investigations was 0.1 nn 0
along the normal to the surface and 1 nm in a lateral direc

tion. . . ({IG. 2. a — Three-dimensional image of the silicon surface in a SIMOX
A program for mathematical analysis of the results andsirycture from the “C DRY” series. The line marks the distinguished di-
for calculating the average surface roughness was developeettionL. b — Surface profile along the distinguished direction

to obtain the quantitative characteristics of the surfaces.

In the experiment we used commercially available ] _ _ - -
SIMOX samples. The technical process for preparing the githe ve_r_tlcal anq Iat_eral sizes of the irregularities for silicon
MOX samples consisted in single implantation-e200 key ~ and silicon oxide in the SIMOX, WITNESS, and THER-
oxygen iong(series C samplésvith dose~ 1.8x 108 cm2 MAL .OX structures are sgmmarlzed in Table I_..
in a silicon single crystal aT=600°C, followed by high- Figure 2 shows the .mlcrotopography 01_‘ a silicon surface
temperature annealing @=1325°C in an Ar+ 1%0, at- I the_SIMOX structure in the “C DRY” series. The su_rface
mosphere for 5 h. A uniform-400 nm thick buried silicon C€ontains~6 nm high roughness of “irregular” size. Figure
oxide layer is formed in the silicon single crystal. A200 3 shows the surface microtopography of buried silicon oxide
nm thick amorphized silicon layer remains on top of the
buried oxide layef:®> To determine how high-temperature
annealing in an oxygen atmospher&at 1325 °C influences
the structure of the Si/SiQinterface, we investigated the
roughness of the silicon and “thermal” silicon oxide sur-
faces in the WITNESS structu€ig. 1b). This structure was
obained by oxidizing a pure silicon surface under the same
conditions as the high-temperature anneal used to prepare the
SIMOX structure, i.e. af =1325°C in Ar+ 1%0, for 5 h.
Investigations of the WITNESS structure yielded informa-
tion about the effect of high-temperature annealing on the Si/
SiO, interface. We also wanted to compare the roughness of
the Si/SiQ interface in the SIMOX and THERMAL OX
structureg(Fig. 19 obtained by the standard technology for
thermal oxidation of single-crystal silicon dt=1100°C.

The oxide layer was-90 nm thick in the WITNESS struc-
ture and~400 nm thick in the THERMAL OX structure.

005

0.1 0.2 L,pm

Z,pm
0.015

0.010

2. RESULTS
0.005

The typical surface microtopographies of some experi-
mental samples are presented in Figs. 2—5. The figures show 0 : . .
a three-dimensional image of a surface on a black-and-white &1 02 03 il pmt
sza!e(a .Ilghter (?OlOI’. correspands ta higher Iocatlbmth a FIG. 3. a — Three-dimensional image of the silicon oxide surface in the
d|3t|n.gU|S_h6d (_j“_ecuo_n as well as the surfgce proflle alongsvox structure from the “C DRY"series. The line marks the distin-
the direction distinguished by the line. The final estimates ofuished directior.. b — Surface profile along the distinguished direction
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TABLE |. Average sizes of irregularities on the silicon and silicon oxide
surfaces, nm.

Si surface SiQ@ surface
Sample type height lateral height lateral
size size
SIMOX 6.3 ~40 16.2 ~25
“C WET”
SIMOX 5.1 ~35 11.2 ~25
“C DRY”
WITNESS 37 ~50 5.9 ~35
THERMAL 5.2 ~45 10.9 ~30
OoX
Z pm
b and ~90 nm long protuberance can be seen in the upper
0.004 . . . . .
right-hand corner. Smal~3 nm high irregularities with
0.002 | ~10 nm half-width can be seen. The height differentials are
' comparatively small, so that the surface is smoother than the
0 , . surfaces mentioned earlier. Figure 5 shows an image of the
0 0.1 0.2 L,pm silicon oxide surface in the WITNESS sample. The surface

contains~4 nm high irregularities with~15 nm half-width.
FIG. 4. a — Three-dimensional image of the silicon surface in the WIT- Sayeral~10 nm high “humps” with ~35 nm half-width
NESS structure. The line marks the distinguished diredtion — Surface .
profile along the distinguished directidn can be seen aga'”St the ggneral packground. . -

On the basis of all obtained microtopographies of silicon
and silicon oxide surfaces it can be stated that the silicon
surface at the Si/buried-SjOnterface in the SIMOX struc-
tures is smoother than the buried silicon oxide surface, and

surface contains a large number of “regular” prolate irregu—th h height the il ; i
larities with ~10 nm height differentials. The oxide surface € average roughness heignt on the stiicon surtace 1s ap-
proximately two times smaller for all experimental samples

Ilfigrl?ruegzesrhg:/?;] ;2 iFr)r:Z;(Zd(I)rf]gt]hgnr?w?cero(t);pfggrsglr(\:; gfiﬁrefi(if_than that of the puried siIicp_n oxide surface. We infer that
con surface in the WITNESS sample. A smalb nm high the smoother relief of th_g silicon surface can indeed be due
to the detachment of silicon clusters, which decreases the
mechanical stress at the Si/buried-gidterface.
High-temperature annealing in an oxygen atmosphere is
used in the production of SIMOX structures. It is obvious
that annealing can have a very strong effect on the structure
of the oxide surface and the Si/buried-gi@terface: A large
number of various irregularities can form. For this reason,
modern technologies for fabricating semiconductor struc-
tures strive to use the lowest possible temperatures, since
then the surface will be smoother. It is obvious that the
smaller the heights and the larger the lateral sizes of the
irregularities, the less subdivided the surface of the silicon
layer will be. In our investigations we used a WITNESS
sample to see whether or not high-temperature annealing at
T=1325°C in an oxygen atmosphere introduces additional
defects in the structure of the silicon and silicon oxide sur-
faces. It is evident from Figs. 4 and 5 that the silicon and
0010 silicon oxide surfaces in WITNESS are smoother than in the
SIMOX structures. Therefore the much larger irregularities
that we observe in SIMOX cannot be attributed to high-

in a “C DRY” series SIMOX structure. It is evident that the

Z,pm

0.005 -
temperature annealing. This is more likely due to the process
of implanation of high-energy oxygen ions into the silicon
0 : . single crystal.

il 2 95 L pom It would be entirely logical to compare the interfacial

. ) ) . ) ) roughness in SIMOX structures with the roughness of the
FIG. 5. a — Three-dimensional image of the silicon oxide surface in the . . . . . .
WITNESS structure. The line marks the distinguished directiorh —  Sample obtained with standard oxidation of a silicon single
Surface profile along the distinguished direction crystal atT=1100 °C. To this end the microtopography of a
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THERMAL OX sample with a~400 nm thick oxide layer 3. In the standard technology of thermal oxidation of
was investigated. It was showreee Table)l that the rough- silicon atT=1100 °C, roughness with height comparable to
ness of the SIMOX structures is comparable in height to thathat of the interfacial roughness in SIMOX structures is
of the THERMAL OX sample. present on the Si/SiQinterface.

In summary, in the present work the microtopographies  We thank Professor V. K. Adamchuk for a discussion of
of silicon and silicon oxide surfaces in SIMOX structuresthe results obtained in this work.
and in structures obtained by thermal oxidation of a silicon  This work was performed as part of the State Science
single crystal aff=1325 and 1100 °C were investigated by and Technology Program “Promising Technologies and De-
scanning tunneling microscopy with 0.1 nm resolution in avices for Micro- and Nanoelectronics”(Project No.
direction normal to the surface and 1 nm resolution in thed39.04.223/57/2-3/1-95and Grant No. 95-0-7.1-160 from
lateral direction. Summarizing the experiments performedthe Competitive Center for Fundamental Natural Sciences at
we can draw the following conclusions. St. Petersburg State University.

1. In SIMOX structures the geometric relief of the sili-
con surface at.the Sl/burleq-Sg(D?'gerface .Is smoother than_ 1J. P. Colinge Silicon-on-Insulator Technology: Materials to VL&Iu-
the surface relief of the buried silicon oxide. For all experi- yer aAcademic Publisers, Notwell, MA, 1991
mental samples the average roughnes height on the silicoPA. G. Revesz, G. A. Brown, and H. L. Hughes, J. Electrochem. $4@.
surface is approximately half that on the buried-oxide sur- 3222(1993.
face. We infer that the smoother surface relief at the SySIO \E/I V. Afanas'ev, A. G. Revesz, G. A. Brown, and H. L. Hughes, J.
. . . . ectrochem. Socl41, 2801(1994.
interface is due to the detachment of silicon clusters, which4g | Fedoseenko, V. K. Adamchuk, and V. V. Afanasev, J. Microelec-
decreases the mechanical stress on the Sj/Bit@rface. tronic Engin.22, 367 (1993.

2. The roughness that we observe on the interface in’S: W. Crowder, P. B. Griffin, and J. D. Plummer, Appl. Phys. L68,
SIMOX structures is due to the implantation of oxygen ions 1698(1994.
in the silicon single crystal. Translated by M. E. Alferieff
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Reconstruction and electron states of a Ga ,Se;—GaAs heterointerface
B. L. Agapov, N. N. Bezryadin, G. I. Kotov, and M. P. Sumets
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It is established by electron microscopy and electron diffraction analysis that the formation of
G&Se(110 layers on GaAd00) and (111) surfaces during heat treatment of the latter

in selenium vapor is accompanied by the formation of transition regions with crystallographic
orientations[310] and[211], respectively. It follows from an investigation of the

spectrum of surface electron states in the resulting heterostructures that a reduction in the density
of surface electron states is achieved only after selenium vapor treatment in a narrow

interval of treatment durationdrom 5 min to 30 min under the conditions established in the

present study All the results are discussed on the basis of concepts involving reconstruction of the
gallium arsenide surface during chalcogen treatment.1999 American Institute of
Physics[S1063-782809)01806-3

INTRODUCTION was in the interval 0.133-1.33 Pa. In addition to short-term
selenium vapor treatments similar to those used in Refs. 3
GaAs places a number of limitations on the feasibility ofandd4|’ Wh'ih Ieid tot Ferr?l Ietvell dettacéhmin';, Irt] oturstudytwe
many potential devices utilizing gallium arsenide, especiall))Jse onhg-term treaftmen's at elevared substrate temperaiures.
devices having a metal-insulator-semiconductdtS) con- Under these conditions, based on the results of Ref. 5, chal-
figuration and Schottky diodé€ Various techniques for Cc09enide GsSe layers of thickness-20—100nm should

treating the surface of GaAs, including the application ofform on the_sqrface. We note th_at under the conditions of
selenium vapo? are currently used to lower the density of Processes similar to those used in Refs. 3 and 4 thg layers
SES. The mechanism underlying the reduction of the densitj?rmed on the surface are tunnel-transparent. The thickness
of SES through the interaction of selenium with the surfacéVas monitored by means of an EE3 ellipsometer and from

of GaAs has yet to be explained. In this paper we report thé&f capacitance measurements. To thin the samples for diffrac-
first-time application of an N-200 transmission electron mi-tion investigations in the transmission electron microscope,
croscope(microdiffraction and microimagingto investigate the back side of the sample was subjected to two-stage pro-
the surface region of GaAkl11) before and after short-term cessing. First, a spherical depression with a radius of curva-
treatment with selenium vapor and to investigate ature equal to 7.5mm was formed by abrasive grinding, and
GaAs—GaSe, heterointerface formed by the substitution of then a hole of controlled diameter was formed all the way
selenium for arsenic in the GaAs lattice, after long-term through the sample in the center of the depression by sput-
(~30min) treatment of the GaA$00) and GaA¢111) sub- tering with 5-keV argon ions.

strates in selenium vapor. The density of SES was monitored As in Ref. 4, three systems of reflections associated with
by deep-level transient spectroscaf@LTS).* different planes of the reciprocal fcc lattice were present on
the electron diffraction patterns in short-term treatment of
the GaA$100 substrate. One system was associated with the
(100 plane, consistent with the crystallographic orientation
A. Electron Microscope Analysis of a Ga ,Se;—GaAs of the GaAs substrate; the second system was associated
Interface with the (110 plane, and the third system with tH810)

The n-type GaA€¢100 and GaAgl1l) substrates with Plane (Fig. 13. A similar situation is observed for
doping levels~2.6x 10'6cm™2 were subjected to chemody- GaAgq111) substrates: the microdiffraction patterns exhibit
namic polishing in a solution of }BO,:H,0,:[1]  Systems of reflections which correspond to thél) (sub-
H,0=[1]5:1:1, andthen the residual oxide was removed stratg, (211), and (110 planes(Fig. 1b. For recording of
in a solution of HCI:BO=[1]1:10. After washing in the electron diffraction patterns the instrument constant was
deionized water and drying, the substrates were treated iadjusted to achieve the best match of the interplanar dis-
selenium vapor in a quasiclosed volume with “hot walls.” tances calculated from the electron diffraction pattern for the
The temperature of the substrates was chosen in the intervedflections corresponding to gallium arsenid@0 or (111
410-720K, and the partial pressure of the selenium vapowith tabulated value®.The identification of the reflection

The high density of surface electron stat&ES on

EXPERIMENTAL

1063-7826/99/33(6)/4/$15.00 658 © 1999 American Institute of Physics
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FIG. 2. Typical electron diffraction pattern of a £&8e;,—GaA$100) hetero-
interface formed during the long-terf80 min) treatment of a GaA400
substrate in selenium vapor.

[001] directions of the(110 plane of GaSe; and the(100
plane of GaAs are disoriented by an angls—20°, de-
pending on the point of observation of microdiffraction. This
also gives rise to the appearance of an additional system of
reflections which corresponds to tkiell) plane and which
has the crystallographid 10] direction in common with the
(110 plane of GaSe;. The GaAs(100 and GaSe; (310
planes still have th€001] direction in common in this case.

FIG. 1. Typical electron diffraction patterns of the surface region of
GaAg100 (a) and GaAgl1l) (b) after short-term(5 mir) treatment in  B. Parameters of the Surface Electron States
selenium vapor. of a Ga,Se;—GaAs Interface

Using the method of current-voltagé-V) curves and
DLTS, Sysoev et al:* have shown that the short-term treat-
ment of a GaA&L00) surface in vapors of various chalcogens
(selenium, sulfur, or telluriuplowers the density of SES.
The energy positions of the SES approach the bottom of the
conduction band as the treatment time is incre4dedight
of this effect, the authofshave been able to attribute the

and from a dark-field image of the surface region of thedecrease in the density of surface electron states to the
sample gradual transition of these states into the conduction band as

On diffraction patterns obtained for the surface region ofthe reconstruction of the Gaf0) surface is completed.

GaAq100 after short-term selenium vapor treatment of the In the present study we have investigated the SES pa-
gallium arsenide th¢001] direction is common to the sys- rameters by means of théV curves and DLTS for
tems of reflections corresponding to @0 plane of GaAs GaAgq111) substrates after short-term treatments and for

and the(310) and(110) planes of the phase with GBe;. A GaAq100 substrates with thick G&e; layers (with thick-
more complicated situation is observed for GEAL): The nesses exceeding 5 nm after long-term treatment in selenium

—_ . vapor without raising the substrate temperatugamples of
[110] directions coincide for théil), pIa.ne of GaAs and the Schottky diode type were prepared for measurement of
the (110 plane of GaSe;. The[Oﬂdlrectlons coincide for  ihe |-v curves and DLTS spectra by spraying aluminum
the (111) plane of GaAs and the (2) plane of GaSe;, and  through a mask. The height of the Schottky barrigg)(in
the[111] directions coincide for the (1) and(110 planes Al-GaAg111) structures formed without pretreatment of the
of Ga,Se;. substrates in selenium vapor was determined froml{ie

The same systems of reflections associated with threeurves and had values-0.75eV in the first case and
crystallographic orientations as for structures subjected te-0.5eV in the second case. Consequently, as in the case of
short-term treatment emerge in heterostructures with thicksaAg100 substrate$;* short-term selenium vapor treat-
Ga,Se; layers @>100nm (Fig. 2. In contrast with struc- ments (-5 min) of GaAq4111) substrates also lead to Fermi
tures having thin layers on Ga#90) substrates, where all level detachment at the surface, which corresponds to a shift
three planes are rigidly tied to tfi@01] direction, disorder is of its position by~0.25eV during treatment. We note that
encountered in structures with thick £%® layers. The the theoretical value of, calculated for an Al-GaAs con-

systems corresponding to tf810) and (110 planes on a
GaAq100 substrate or to thé211) and (110 planes on a
GaAgq11]) substrate and to another phd&=s,Se; or a solid
solution in the system G8g—GaA9 was established, as in
Ref. 4, from a series of reflection intensitiéwhich was
compared with the well-knowrseries for GgSe, and GaA$
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under the conditions reported in Refs. 3 and Electron
diffraction patterns of the gallium arsenide surface after such
treatments indicate mutual ordering of the G4A80) plane
FIG. 3. Typical DLTS spectra of heterostructures with an Al-GaAs and the GgSe (310 and (110 planes with respect to the
Schottky barrier(a) With r i i i=0; ; ; ; o : :
o 1yv; 5 lf‘):+t2 °V“_t (‘E)EXEZ:”;ZI’:A& ;ef;;‘;?‘t:’:a"t(r’:l#&) ;rﬂ crystallographid001] direction. Similar ordering also exists
atU;=+1 V: (2) 5 min atU,=0: (3 30 min atU;=+1 V. after short-term treatments of a GdA%1) surface. The ex-
planation submitted in Ref. 4 for the reduction of the density
of SES after such treatments is based on geometrical match-

tact (n~10%cm 3, according to the Schottky-Mott law, is ing of the GaSe; (110 and GaAs(100) planes: Only after
~0.52eV. reconstruction of the GaAs00 surface of the typeC(4

The behavior of the SES in structures obtained by thex4) is it possible for the severed bonds of the contacting
short-term treatment of Gafkl1l) is similar to that observed surfaces to close(Fig. 4). As a result, the resultant
in structures based on GaA90 (Fig. 3. The dependence GaSe (110 surface has a 82 unit cell (indicated by the
of the amplitude of peak Il in Fig. 3a on the amplitude of thedashed ling Characteristically, two-dimensional chains con-
injecting pulse indicates its identification with SEShe first  sisting of Se—Se dimers extend in tf@11] direction. This
maximum corresponds to a deep level in GaAs with energyesult is consistent with the results of earlier investigaflons
~0.6eV and is usually associated with a complex that in-of a GaA$100 surface in a scanning tunneling microscope
volves gallium at an arsenic siterigure 3 shows the DLTS  after selenium treatment. Two-dimensional chains running
spectrum at room temperature. The energy positions of thglong the[001] direction are visible on the patterns. In the
centers are estimated from measurements of the spectra dame paper the authors have observedxa3 2GaA<100)
the temperature interval 90850 K (Ref. 4. structure after selenium treatment of a GEAX) surface.

As the treatment time is increased, beginning with dura-The reflections occurring on the electron diffraction patterns

tions ~30 min, whi(_:h resullt in layer _thicknes‘sS nm, the from the (310) plane of GaA&L00) and the —(Zl) plane of
DLTS spectra again acquire a maximum corresponding t%aAs(lll) probably refer to surface zones formed during

SESf('IZI'g' 3b, .C;Jrv;aia):ﬂ']r Tﬁ ene(;g;t/ pO.S't'%n.S OI; t?eje} ths reconstruction of the as-prepared GaAs surface in the initial
are 1ully consistent wi ose determined in kel. 4 Tor estages of its treatment in selenium vapor. This conjecture is

e ot et chacogen gor TSI Supprted n parculr, by he fact that @0 plane 1
9 9. °39. P always rigidly tied to thg001] direction of the substrate,

gg)n ::Z:cssgilggg.isfi?:g:r?fc?elgg;eﬁstehse Iggglfngm.me regardless of theT duration of treatmgnt. In thg init.ial stages of
or in the substrate temperature causes the thickness of tlI‘reeatment there is also a decrgase in the actlvatlpn energy of
Ga,Se, layer to increase and is accompanied by an increasg?e sur_face electron states without any change in the|_r _den—
in the SES and the deep-level maxima. _S|ty; t_h|_s effect has begn observed in Ref. 4. In our opinion,
insufficient treatment tim@less than 5 mipprevents surface
reconstruction from going to completion, and the attendant
passivating action is not observed. The restoration of the
Treatment of the surface of gallium arsenide in seleniunSES spectrum after long-term treatmerfigreater than
vapor lowers the density of surface electron states in com30 min) can also be explained on the basis of the same con-
parison with a natural oxide-coated surface, but only in acepts: The emerging disorientation of the,Gg(110) layer

34 5 6 7 8 9 10
In Tyy/7q

1 2

DISCUSSION OF THE RESULTS
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relative to the GaAd00 substrate disrupts the reconstruc- match of the GaAs and GSe; lattice parameters, disrupts
tion of the gallium arsenide surface after being brought intathis reconstruction, and the spectrum of surface electronic
existence by the passivating action. states is restored.

CONCLUSIONS

1 . . .
: _“W. E. Spicer, I. Lindau, P. E. Gregory, C. M. Garner, and P. Pianetta, J.
In summary, by means of electron microscopy and elec Vac. Sci. Technol13, 780(1976.

tron diffraction analysis we have established t_hat duri_ng thezp_victorovitch, Rev. Phys. AppR5, 895 (1990).

heat treatment of GaA$00 and(111) surfaces in selenium 2B. I. Sysoev, N. N. Bezryadin, G. I. Kotov, and V. D. Strygin, Fiz. Tekh.
vapors a110-oriented GaSe; layer is formed on them. The ,Poluprovodn27, 131 (1993 [Semiconductor27, 69 (1993].

transition region between Gafi$0) and GaSe(110) is B. I Sysoev, N. N. Bezryadin, G. I. Kotov, B. L. Agapov, and V. D.

. . Strygin, Fiz. Tekh. Poluprovodr9, 24 (1995 [Semiconductor9, 12
crystallographically oriented alon(810, and the one be-  (1995].

tween GaA&l11) and GaSe(110) is oriented along (21). ®B. I. Sysoev, V. D. Strygin, E. I. Chursina, and G. |. Kotov, lzv. Akad.
-Nauk SSSR, Neorg. Mate?7, 1583(1991).

The attendant reconstruction of the surface creates a passiygry pitiraction Data Card File 1057Card No. 14-450, 20-437.
vating action only in a narrow interval of treatment periods. 7. g. Spicer, I. Lindau, P. R. Sheath, and C. Y. Su, J. Vac. Sci. Technol.
A pseudomorphic G&e;(110) layer is formed in this inter- 17, 1019(1980.

val of treatment periods, stabilizing the reconstructed state of H- Shigekawa, H. Oigawa, and K. Miyake, Appl. Phys. L&, 607
the gallium arsenide surfaéeror long durations ¥ 30 min) 4

the resulting disorientation, most likely associated with mis-Translated by James S. Wood
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Sulfide passivation of GaAs power diodes
V. M. Botnaryuk, Yu. V. Zhilyaev, and E. V. Konenkova
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The feasibility of reducing the leakage currents of GaAs power diodes by chemically treating
their surfaces in solutions of (NHLS in isopropanol is investigated. It is established

that after chemical surface treatment the leakage current decreases more as the immersion time
in the solution is increase@ightfold reduction and also with an increase in the time of

application of a reverse voltadé,=400 V (2.5-fold reduction. © 1999 American Institute of
Physics[S1063-782809)01906-7

1. The high density of surface states of GaAs inducesx10°cm 2. The basei-region of the pin structuren(’),
rigid attachment of the surface Fermi level and a high surfac@aving a thickness up tio=60um, was grown without spe-
recombination rate, resulting in the degradation of a numbegijal doping with a carrier density of (18)x 10**cm 3. A
of device parameters. p* layer of thicknes$=5—15um was grown with a carrier

In power diodes utilizing GaA®-n structures the fol-  density of (1—3)x10¥cm 2 by doping with zinc, which
lowing expression for the total current through the biasedwvas injected through an auxiliary channel into the growth
diode is well known: zone. Ohmic contacts were prepared by the chemical evapo-

. VIKT ; - VIKT ration of nickel onto then™ and p™ sides of the structure

1 =JoALe" LI+ (oAt oz Pl € @ (Fig. 1). The area of th@-n junction of the power diode was
wherejo; and gy are the saturation current densities asso-S~0.1 cnf, and its perimeter wap=1.3 cm.
ciated with recombination in the quasineutral region and in  The structures were immersed in a solution of (Jy$
the space-charge region, respectivélys the area of th@-n  in i-C;H,OH for 1-120's at room temperature with illumi-
junction, j gop is the current density associated with recombi-nation by a 200-W incandescent lamp, and then they were
nation on the surface of then junction, andP is the perim-  air-dried. Different ratios of the volume concentrations of
eter of thep-n junction. (NH,),S+ (i-C3H;0OH) were used: 1:Qpure (NH,),S so-

When a reverse bias is applied, the current in GaAdution], 1:10, 1:50, and 1:100.
power diodes at room temperature is estimated from the sur- 3. The current-voltag€l-V) curves of the GaAs power
face leakages, which are largely related to the high density dfiodes were measured before and after treatment in the
surface states around the perimeter of phe junction. sulfide-containing solutiong=ig. 2).

One of the more promising methods for reducing the It follows from a comparison of the reverse branches of
density of surface states of GaAs is passivation of the surfacéne |-V curves that:
in sulfide-containing solutions. For example, the feasibility = @ treatment both in pure (NH,S and in a solution of
of decreasing the reverse currents has been reported fONH,),S in isopropyl alcohol reduces the leakage currents,
GaAs p-n diodes and InGaAs/AlGaAs laser diodesfter the greatest reduction in the leakage curreii@0-fold at
passivation in aqueous sodium sulfide solutions. A newJ=400V) being attained in a (Nfj,S+ i-CsH,OH solu-
method for reducing the density of surface states more effeaion with a ratio of volume concentrations 1:1Big. 2);
tively than sulfide passivation in agueous solutions has been
developed in recent years — sulfide passivation in alcohol

solutions® which has been used successfully in reducing the

level of catastrophic optical degradation of InGaAs/GaAlAs

laser diodes by 50%Ref. 4. . §
We have investigated the feasibility of reducing the leak- Ny -p

age current of GaAs power diodes by the chemical treatment FlaAs ) 0

of their surfaces in solutions of (NjLS in isopropyl alcohol =6 pm

(i-C3H;0H). w-GaAs(1-8) v 0" em”
2. Gallium arsenide power diode structures were grown L=60 pm

in an open Ga—kAsCl; gas transport system in a single

technological cycle at a source temperature of 820 °C and a n-GaAs2« 0" cm’

substrate temperature of 730—750°C. The substrates were substrate

GaAs wafers of thickness 4Q0m with a density of 2 T

% 10"8cm™ 3 disoriented 3-5° from thé100) plane toward
(110 and with a density of dislocations (G-AL) FIG. 1. Schematic view of the GaAsn structure.

1063-7826/99/33(6)/3/$15.00 662 © 1999 American Institute of Physics
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@ the optimal treatment time for the GaAs power diodes 160
is approximately 1 min, where in fact the leakage current
decreases by one half after a 30-s treatment in a {5 0
+ i-C3H;OH solution and decreases eightfold after 1 min,
but after longer keeping in the solution, approx 2 min, the _
decrease in the leakage current is insignifiodig. 3); =80

@ the reduction of the leakage current depends on how
long a reverse voltage of 400V is subsequently applied to
the GaAs diode: When the application time is increased at
least to 15 min, the leakage currents of the digBay. 4)
decrease by more than one half. g L L L '

We note that thd-V curves rerecorded after being kept o f,a\], W
for several days in air without an applied voltage scarcely

differ from those recorded 15 min after the application of aFIG. 3. Reverse branches of th¥ curves of GaAs power diodes untreated
reverse voltage. (0) and treated1, 2, 3 in a (NH,),S + i-C3H,0OH (1:50) solution for vari-
4 Th gd . f the leak f G ous treatment timeg1) 30 s;(2) 60 s;(3) 120 s. Inset: Dependence of the
: e reduction ot the leakage current o aps maximum diode leakage current with a 400-V reverse bias on the treatment

TT Vi VT VT T

time.
I,P.A a
800+ 9 structures is probably attributable to a change in the density
5 // of surface states through the formation of a sulfide passivat-
6001 / ing coating on the GaAs surface.
/ The preexponential factor for the recombination current
i in Eq. (),
400 a
R l02=Ajot Pjozr (2
200+ contains a current component associated with the surface.
| The reduction of the leakage current can be assumed to a
ok consequence of a major restructuring of the spectrum of sur-
face states.

The results of the influence of chemical treatment in so-
7200r o » lutions of (NH,),S in i_sopropyl alcohpl on thg leakage cur-
1000 - yd rent of GaAs power diodes are consistent with the model of

= / sulfide passivation of the GaAs surface in alcohol solufions
800 o, and with the results of the kinetics of formation of a sulfide
- 1// coating in aqueous solutions of sodium sulffde.
600: / According to this model, the rate of formation of the
400+ il sulfide coating is determined by the rate of escape of elec-
7
- 7
7 0
200+ 9//
- —— - 2 R 600 120 °1
o | 1 1 1 T 1 1 1 1 i \ 2 //
5001~ ‘\\ /
000} ? FRo0p N /9
| C /// 40 - J \{4; ————— //
800} / < _ [ 4 5 /
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U,V FIG. 4. Reverse branches of th¥ curves of GaAs power diodes untreated

(0) and treated1-5) in a (NH,),S + i-C3H,OH (1:50) solution for various
FIG. 2. Reverse branches of th¥ curves of GaAs power diodes untreated durations of application of a 400-V reverse bias to the didie0.1 min;
(1) and treated?) in three solutions of (NB),S in isopropyl alcohol at  (2) 1 min; (3) 3 min; (4) 6 min; (5 15 min. Inset: dependence of the
various concentrationga) pure ammonium sulfide solutiorib) 1:10; (c) maximum diode leakage current on the duration of application of a 400-V
1:1000. reverse bias to the diode.
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trons from the semiconductor into the solution during oxida-  Consequently, current leakages through the surface can
tion of the semiconductor, by the rate of breaking of surfacebe significantly reduced by chemical treatment of the surface
chemical bonds of the semiconductor, and by the rate off GaAs p-n power diodes in solutions of (NH,S in iso-
formation of bonds with surface atoms of the semiconductorpropyl! alcohol.
Enhancement of the effectiveness of passivation and, hence, When the treatment time in the solution is increased to
a more pronounced reduction of the diode leakage currerit min and when the duration of application of a reverse bias
will be attained with an increase in the chemical reactionat U=400V is increased, the reduction of the leakage cur-
rate? which, first of all, is higher in alcohol solutions of rents becomes more effective.
(NH,4)5S than in pure (NH),S (Ref. 5 and, second, de- The authors gratefully acknowledge V. N. Bessolov for
creases as the concentration of sulfide ions in the alcoh@ncouraging the present study.
solution increasefFig. 2).

The optimal chemical treatment time of approximately
1 min correlates with the result of photoluminescence inves-
tlgatlonSS of GaAs p:?\sswated in_solutions of (!‘\)le n M. S. Carpenter, M. R. Melloch, M. S. Lundstrom, and S. P. Tobin, Appl.
alcohols? The reduction of the leakage currents is not as ppys | ett52 (25), 2157(1988.
pronounced after the treatment time is further extended t®G. Beister, J. Maege, D. Gutsche, G. Erbert, J. Sebastian, K. Vogel, M.
2min, probably because the chemical reaction products cre;Weyers, J. Wfl, and O. P. Daga, Appl. Phys. Lefi8 (18), 2467(1996.

ate marked shunting channels on the surface opthestruc- \é' 4'\:1' 2?;?%‘2’7') E. V. Konenkova, and M. V. Lebedev, Mater. Sci. Eng.,

ture. ) 4V. N. Bessolov, M. V. Lebedev, B. V. Tsarenkov, and Yu. M. Shernya-
The further reduction of the leakage currents under the kov, Mater. Sci. Eng., Bl4, 380(1997).

influence of an applied reverse volta(féig. 4) is probably V. N. Bessolov, E. V. Konenkova, and M. V. Lebedev, Fiz. Tverd. Tela
. " e _ (St. Petersbung39, 63 (1997 [Phys. Solid Stat@9, 54 (1997)].

attributable to 'Fhe additional m.odlﬁcatlo.n of th(_a GaAs sur- .,/ Bessolov. A, F. Ivankov, E. V. Konenkova. M. V. Lebedev. and V.

face under the influence of the increase in the diode tempera-s, strykanov, Fiz. Tekh. Poluprovod80, 364 (1996 [Semiconductors

ture in this case when the reverse voltage is applied, with the7 30, 201(1996].

formation of a more energy-favorable surface structure, simi- \é- ;- BﬁerV'tSvdA\-/O'-DGL‘JJIS,eVb\é- M-LLa”tg!tOVrS Tt V-t lI;QVOZVSS, (Dl'gzgget' A.

lar to what happens after passivation in aqueous sulfide so-— " />"™" @nd V. £ L, Fhys. LoW DIM. Strucis '

lutions with exposure to light. Translated by James S. Wood



SEMICONDUCTORS VOLUME 33, NUMBER 6 JUNE 1999

Electron states in the surface region of gallium arsenide treated in selenium and
arsenic vapor

N. N. Bezryadin, E. P. Domashevskaya, G. I. Kotov, R. V. Kuz'menko, and M. P. Sumets

Voronezh State Technological Academy, 394000 Voronezh, Russia

. N. Arsent’ev

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia
(Submitted October 29, 1998; accepted for publication November 10,) 1998
Fiz. Tekh. Poluprovodr33, 719-722(June 1999

The parameters of charge localization centers in the skin layer of gallium arsenide treated in
selenium-arsenic vapor are investigated by deep-layer transient spectroscopy. It is established that
the addition of arsenic to the vapor phase slows down the reaction of heterovalent substitution

of selenium for arsenic in GaAs and reduces the density of centers in the skin layer of

GaAs. © 1999 American Institute of Physids$$1063-782609)02006-2

To decrease the density of electron states on the surfaqype GaAsnlelﬁcm‘3) formed after treatment of the sub-
of gallium arsenide, the substrate is treated in a chalcogenstrate both in selenium vap@Fig. 19 and in selenium vapor
containing mediunt;” selenium vapor, in particuldrin Ref.  with arsenic(Fig. 19 at fixed temperatures. The DLTS spec-
4 the effect of selenium vapor on the density of surface electra have been analyzed in the temperature range 90—400K to
tron stateSES (Ref. 3 is attributed t@3X2) reconstruction  determine the activation energies of the centers. As in Ref. 4,
of the GaA$100) surface and the subsequent stabilization ofthe dependence of the amplitude of the spectral peaks on the
this reconstruction by a tunnel-transparent pseudomorphigmplitude of the injecting peaks was used to separate the
GaSe(110 layer. Characteristically, the reduction of the contribution of surface states to the DLTS signal from the
SES[i.e., disappearance of the maximum corresponding t@ontribution of centers in the subsurface space-charge region.
these states in the spectra obtained by deep-level transient As in Ref. 4, the maximum at r,~9, which corre-
spectroscopyDLTS) (Ref. 4 and detachment of the Fermi sponds to SESthe peakll; in the notation convention of
level on the GaAs surface’] takes place independently of Ref. 4, vanished in the DLTS spectra, i.e., treatment in se-
the particular chalcogen used for treatméitSe, or Teand  |enium vapor alone and in selenium with arsenic has essen-
is also observed in combined treatment with selenium angially the same influence in reducing the density of SES, as
arsenic vapor§. mentioned previously.The longer duration of the combined
We know from Ref. 5 that the presence of arsenic in aSe+ As treatment is attributable to the decrease in the het-
quasiclosed chamber during processes involving the treakrovalent substitution reaction rate of arsenic in GaAs on Se
ment of a 1lI-V semiconductor with a chalcogen can modifywhen arsenic vapor is present in the quasiclosed chamber.
the nature of the heterovalent substitution reaction. In therhis time was decided from a comparison of the results of
same paper it has been established that not only the heterovigeasuring the thickness of the treatment-formed chalcogen-
lent substitution reaction rate, but also the mechanism of thgje layer by the method of current-voltagle-V) curves of
reaction changes in the presence of arsenic, resulting in #e height of the Schottky barrietpf) and by ellipsometry.
decrease of the density of macroscopic structural defects imhe resulting valuer,~=0.46 eV for samples with an Al con-
the boundary region of the heterojunction formed by thistact after 5-min treatment in Se vapor was in line with the
technique. value ¢,,=0.44 eV obtained for samples treated in Se vapor
In this paper we analyze the influence of arsenic on thevith arsenic for 45 min. The measured layer thickness in
electrical characteristics of the surface of GEAX) treated  either case corresponded to 5 riwithin 5% error limits.
in a quasiclosed chamber in selenium vapor with arsenic. The states in the surface space-charge region of the gal-
The objects of investigation were Schottky barrier diodedium arsenide were found to be sensitive to the presence of
formed by the spray deposition of Al contacts through aarsenic in the quasiclosed chamli€igs. 1¢ and 1d The
mask onto the untreated GaAs surfgadich had been sub- maximum of the DLTS signal for all types of centers in the
jected only to chemodynamic polishing and removal of thespace-charge region decreased after combined Sgtreat-
natural oxide sublayer by the procedure described in Refs. ent in comparison with treatment in selenium alone. We
and 4 and onto the surface treated in selenium and seleniumote that the maximum at thry~4 (peak I1,) even in-
with arsenic. The vapor treatment was performed in the quaereased relative to a sample that had not been treated in
siclosed chamber under conditions similar to those used iselenium vapofFig. 1b).
Refs. 3 and 4. The centers associated with the maxima in the DLTS
Figure 1 shows DLTS spectra of AlI-GaAs diodgs  spectra are also manifested in isothermal capacitance relax-

1063-7826/99/33(6)/3/$15.00 665 © 1999 American Institute of Physics



666 Semiconductors 33 (6), June 1999 Bezryadin et al.

I, a m, C

100 -
1,

3
T

Signal, ard. units

1001

2 4 6 8 10 2 b 6 8 10
in(t/zT,)

FIG. 1. Typical DLTS spectra at temperatufies 350 K(a, 9 and 170 K(b, d) for Al-GaAs structures prepared without pretreatment of the subst@ieses
1), after treatment in Se vapor for 5 mig, b, curve?), and after treatment of the substrates intSAs vapor for 45 min(c, d, curves?). Here 7 is the
maximum relaxation time specified in the experiments.

ation of the investigated heterostructures at room temperaonstant of the variation of the capacitance after the applica-
ture (Fig. 2. Schottky diodes prepared immediately aftertion of a depleting voltage pulsgig. 3). The values of the
chemodynamic polishingwithout chalcogen treatmenare  time constant for the final stages of relaxation in coordinates
characterized by prolonging of the capacitance relaxatiotnr versus 1T provide a good fit to a straight line, whose
process(Fig. 2a, curvel). Treatment in selenium alone re- slope corresponds to an activation energy of the order of
moves this long-time segme(fig. 2a, curve?). After com-  0.4eV (Fig. 3, curvel). The latter corresponds to the SES
bined Set+ As treatment the nature of the time dependence
of the capacitance cannot be detected in the same time scale
because of a substantial decrease in the time constant of the

relaxation process. To ascertain the nature of this change in
the relaxation characteristics of the investigated structures,
we have investigated the temperature dependence of the time 100F
. 2
0.7 5ok
173
7 -
0.5
® Jor
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FIG. 2. Time variations of the capacitance of Al-GaAs heterostructuresIG. 3. Temperature dependence of the capacitance relaxation time for
before (a) and after(b) the application of a depleting voltage pulsét). Al-GaAs heterostructures not treated in selenildml’) and treated in se-
HereC, is the capacitance of the structure before application of the voltagdenium vapor for 5 min2); curvesl and1’ represent the values of the time
pulse. The curves in Fig. 1a are plotted with@ltand with(2) pretreatment  constant in the initial and final segments of the capacitance relaxation curve,
of the substrate in Se. respectively.
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of structures, both treate@rig. 3, curve2) and not treated
(Fig. 3, curvel’) in selenium vapor, as a function ofTl/are
also well described by a straight line in coordinates\er-

sus 1T. Here the curves have an identical slope, which cor-
responds to an activation of the order of 0.7-0.8eV. This
energy corresponds to pebk, in the DLTS spectrdFigs. 1la
and 1c, curved and2). The amplitude of this maximum is
significantly lowered only by combined treatment of the sub-
strates in selenium and arsenic vageig. 1c, curve?). This
reduction of the density of centers in the surface space-
charge region of GaAs is probably the main reason for the
shortening of the capacitance relaxation time of structures
whose substrates are pretreated in selenium vapor with ar-
senic in the quasiclosed chamber.

Combined Se- As treatment lowers the amplitudes of
all the maximapeaksll,, II,, andIl, in the DLTS spectra,
Fig. 1) corresponding to centers in the space-charge region of
gallium arsenide. The mechanism of this process cannot be
determined from the sum-total of the experimental results
analyzed in this paper. In our opinion, the most likely cause
of such behavior of the centers in the space-charge region of
GaAs is a decrease in the density of macroscopic defects in
the surface region of the gallium arsenideeneath the
pseudomorphic G&e; layer formed by the substitution of
selenium for arseni¢) as a result of the combined treatment
in selenium with arseni¢Figs. 4a and 4b

Thus, the presence of arsenic in the quasiclosed chamber
FIG. 4. Photomicrograph of transverse breaks in gallium arsenide samplggredominantly influences the density of centers in the surface
treated in selenium vapor aloti@) and in selenium vapor with arsenib). region of GaAs rather than the density of SES. This phenom-
'I_'he_pictures were obtained in a scan_ning electron microscope with magniaon is accompanied by a reduction in the number of mac-
fication X150 000. To enable observation of the,Se; layer formed by the .
substitution reaction in the microscope, the vapor treatment was performeEOSCOpIC defects near the GaAs surface. ChalCOgen treatment
at higher temperatures than those indicated in Refs. 3 and 4. of the surface exerts a decisive influence on the density of
SES in GaAs.

actlvatlo_n energy deterrr_nned b_y DL'I(Bea_\kl'Ig in Fig. 19. 1P. Victorovich, Rev. Phys. Appb, 895 (1990.

As mentioned above, this maximum vanishes after treatmentg_ | gedny and N. V. Badus', Fiz. Tekh. Poluprovodr29, 1488(1995

in selenium vaporFig. 1la, curve?). Again, the long-time [Semiconductorg9, 776 (1995].

segment is no longer observed in the capacitance relaxatiof- |- Sysoev, N. N. Bezryadin, G. I. Kotov, and V. D. Strygin, Fiz. Tekh.

. Poluprovodn27, 131 (1993 [Semiconductor27, 69 (1993].
curve after chalcogen treatme(fig. 2). Consequently, the 4B. 1. Sysoev. N. N. Bezryadin, G. I. Kotov, B. L. Agapov, and V. D.

prolonging of relaxation of the capacitance of structures Strygin, Fiz. Tekh. Poluprovodr29, 24 (1995 [Semiconductor®9, 12
formed on GaAs substrates not treated in selenium is attrib- (1995].

utable to SES with an activation energy on the order ofsgh:-kSy’floev, BM'--IAQI"*ZP%\ZJ;- ’i‘;ezryadi“rT- V. Prokopova, and Yu. K.
0.4eV. As the temperature varies, the plots of the time con- Sk Neorg. Materl2, 1449(1976.
stants of the initial parts of the capacitance relaxation curv@ranslated by James S. Wood
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Deep-level recombination spectroscopy in GaP light-emitting diodes
S. V. Bulyarskii, M. O. Vorob’ev, N. S. Grushko, and A. V. Lakalin

Ul'yanovsk State University, 432700 Ulyanovsk, Russia
(Submitted September 22, 1998; accepted for publication September 23, 1998
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Deep-level parameters determined from an analysis of the differential coefficients of the forward-
bias current-voltage curves are compared in the example of commercial GaP LEDs. It is

shown that these parameters are suitable for deep-center diagnostics. The proposed measurements
can be performed on semiconductor wafers in the industrial environment without sealing or

dividing into individual crystals. ©1999 American Institute of Physics.

[S1063-782629)02106-1

Recombination in a space-charge region, theoretically  J=A(U)exp(qU/BKT), (1)

grounded in the classical work of Shockley, Noyce, and

Sah! has received far less attention than it deserves. Chargvé/here’g assumes values from 1 to(B=1 for the diffusion

S L urrent$. The physics of the process is described in detail in
injection into the space-charge region induces deep—leve&efs_ 1-5. The proportionality factax(U) depends on the

Charge excgang.e accompanied by a change in the re.wmtf)'érameters of the deep centers, which can be determined
nation rate’® This effect creates anomalous features in the

: L .~ under certain assumptions.
forward-bias current-voltag@-V) characteristics. These dis- b

o . : The recombination current in the space-charge region of
tinctive features are faint against the background of the exy p-n junction with the participation of several, simple, dou-

ponential growth of the forward current and have thereforeb|y charged deep levels is described by the equétion
been ignored for a long time. A series of previous papérs

has been devoted to the elucidation of these features = <  GW(U)ComCpomnZ(e9VKT—1)N;y
le:ar:/(llghelr utilization for determining the parameters of deep =1 2n, /—CnmcpmeqU/kT+ Comim+ CpmPim

In this paper we compare various differential parameters 2kT @
of the forward-biag-V characteristics and estimate their suit- q(Vg—U)’

abilit)_/ for dee_p-center Qiagqostics in th? example of Com_Whereq is the electron chargey(U) is the width of the
mer.C'al GaP I|ght-em|tt|ng dioded.EDS), in which nhonra- space-charge regios,is the number of deep levels
diative recombination channels lower the emission

efficiency. To understand the recombination channels, it is B tm) . _ tm) .
necessary to determine the parameters of the defects which Mim=Ne exp( B ﬁ) P1m=N, exp( B ﬁ)
participate in nonradiative recombination and which lower
its fraction in recombination processes. This problem is o
utmost importance in LED technology.

The samples of GaP-basgdn junctions had standard
parameters for commercial nitrogen-doped green-light Ew=Ec—E:; Ep=Ei—E,,
LEDs. The epitaxially grown junction was sharp, asymmet-gnqv, is the diffusion potential.
ric, and characterized by a density of electrons in the base
(3—9.5)x10%cm 3. Thel-V curves were measured on an
automated apparatus described in Ref. 5. The current was set o ) ) )
by means of a V7-42Eelectrometer in the range from TABLE I. Deep-level activation energies determined by different methods

_ . for a GaP LED.
10 2A to 10 2 A, and the voltage was set by means of a

n andc, are the electron and hole capture coefficients for
he given center, averaged over all statésis the density of
deep levelsE; is the position of a deep level in the band gap,

V7-46 voltmeter with a step of 0.01 V. The data were entered E;. Es Es, Es4 Es E; Ei; Eg Eg En,
into computer memory. A total of 15 diodes were investi-Method eV eV eV eV ev ev eV ev eV eV
gated. Selected parameters of one of them are shown ifscap --- 035 --- .-~ ... 053 063 066 081 1.0
Table 1. Rup 029 033 -+ - 048 056 061 -
At a low injection level the recombination currents in the 96 0.27 0.32 038 042 048 052 061
space-charge region of a wide-gap semicondugtarjunc- ‘«}U 0.26 0.30 0.37 041 0.46 0.54 0.61--

tion are generally higher than the diffusion currents. In this

. . .. . TNote: E denotes the deep-level thermal activation energies calculated from
case thd-V curve is described by a characteristic equation ofgq (5) 'and determined by the TSCAP technique. Other methods used to

the form determineE; are described in the text.

1063-7826/99/33(6)/4/$15.00 668 © 1999 American Institute of Physics
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Equation(2) differs somewhat from the expressions in disregarded does not exceed 0.06 eV for a raitc,= 100.
Ref. 1. This difference has already been analyzed in detail The activation energies calculated from ES). are given in
and we shall not discuss it further. The limits of applicability Table I.
of Eq. (2) have been established previou$ly. The deep-level activation energy can be determined

To analyze thel-V characteristics, it is convenient to from the extrema of the derivative of the differential slope of
introduce a different physical variable: the normalized re-the I-V characteristid8):
combination rate

[ q(Vg—U) qJ; [ 83, -1
a2 ©

R”p:qWSn[exp(qUIZKT)—l] 2kT ©) B=1T\ 30

wherei is the current, an& is the area of the-n junction.
This quantity is related to the deep-center parameters by

equation taken from Refs. 2 and 3: alEquation(S) can also be used to determine deep-level acti-

vation energies from the maxima of the functidB/dU

cnConi N[ eXp(qU/2KT) +1] =f(U), but the expression fof will not contain the factor
Rnp= = . (4 1/4in this casé.If we assume that,/c,= 10, the system-
2N;VenCp eXp(qUIZKT) +n1Cq+PsCy atic error atT=300K is thens~0.04 eV for GaP.

The latter can be used to expand the total recombination '€ functiond/dU=f(U) for one sample is plotted in
process into individual components, using algorithms inFig. 2. There is a noticeable correlation between the maxima

Refs. 4-6. An example of such a partition for the investi-Of curve 2 and the features of the normalized recombination

gated diodes is shown in Fig. 1. For each recombinatiofate (S€€ Fig. 1 Every time a new level enters into the
process through a doubly charged deep center we can detdpcombination process, _the derlyatlve of t'he differential
mine the voltage§ ) at which the normalized recombina- SIOP€ Of thel-V characteristic acquires a maximum.

tion rate(4) decreases by one-half relative to saturation. As- A drawback of the method is the need to calculate the
suming that the deep center lies above the middle of the bangfcond derivative of the experimental data, which requires

gap(i.e., c,p;<c,ny), we find special numerical methods. In this regard, it is more practical
TP e to use another differential coefficient, whose determination
Eg—dUgs requires only the calculation of the first derivatit/e:
En=—"—— 14, (5
2
where IR, 2KT 1
=0 ¢ e v
5o KT (L onle U] a4 Rnp
2 M2 N,/

This quantity, like the capture coefficients, is unknown as a "€ Voltage at which the coefficiefi) is a minimum(Fig.
rule. However, the ratio of the capture coefficients can be?) c@n be used to find the deep-center activation energy from
determined by measuring the temperature dependence of th&l- (5. Certain conditions formulated in Ref. 4 must be

forward curren? The systematic error introduced whéis ;atisﬁed. An approximate estimate shows thgt these cc_)ndi-
tions are usually met for deep levels formed in the fabrica-

tion of commercial semiconductor devices.
A function of the form(7) has minima at point&Jy,;
the amplitude of each minimum differs according to the con-
0 tribution of the specific deep level to the total recombination
; current. The quantitiet),,, which depend orc,,, and
4 Nim, can be determined experimentally. Assuming that the
!

The results obtained by this method for the investigated di-
ode are also shown in Table I.
4 To refine the deep-center energies, we have determined

them by the well-known thermally stimulated capacitance
(TSCAP technique, which is described, for example, in
5 /6
] t

3

R,,P,c
o

deep level is situated above the middle of the band(gaep
T Z / CpmP1m<CnmN1im), We obtain an expression analogousip
0+ / /
Refs. 7 and 8. In this technique the capacitance of the sample
0% | . (C) is measured as the sample is heated at a constant rate.
0.8 1.0 1.2 1.4 16 1.8 Deep levels in the space-charge region have been previously
A filled with electrons. The derivative of the capacitance with
FIG. 1. Separation of recombination processes into components on the bagigSpeCt to the temperature is described by an expression

of the function R,,=f(U). (1) Experimental; activation energieg2) whpse one and only fitting parameter is the deep-level acti-
E=0.61 eV;(3) 0.56 eV;(4) 0.48 eV;(5) 0.33 eV;(6) 0.29 eV. vation energy E,):




670 Semiconductors 33 (6), June 1999 BulyarskiTl et al.

0.4

06

0.3

=
NN
T
S
N
7> arb. units

7, arb. units
{ \

<D

0.1

400+

T
1
=~

200 T

ap/du,arb. units
dp/du, arb. units

—_—
o —
wh’ —$
—
—

&

[

—
—

{
10 12 14 16 18
u,v

FIG. 2. Differential coefficients of théV characteristic. The extrema correspond to the levels in Table I.

at N\ T, perature of the maximum and the amplitude of the TSCAP
peak. If the choice o, is smaller than the true value, the
p{ ( T )2 F{Et( 1 1) J analytical curve is broader than the experimental curve. If the
Xexpl—|=—| exg—|=——=]|;. (8) s
Tm K\Tm T chosen energ¥, is greater than the true value, the curve
A certain difficulty is encountered in that the experimen-calculated from Eq(8) is narrower than the experimental
tal curve comprises the superposition of ionization processegUrve. The energy can be selected very accurately with good
of the individual levels, each providing its own contribution agreement between the experimental and analytical curves.
to the capacitance. These processes can be separated Figure 3 shows a graph plotted by the TSCAP technique, and
means of Eq(8). It is more convenient to begin the break- Table | gives the activation energies determined from it.

dcC T)\2 1 1 down in the high-temperature region, specifying the tem-
—‘A( e ?(T__T>
m
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wafers in the industrial environment without having to seal

them or divide them into individual crystals. The experiment

itself can be easily automated in the part associated with
measurement and processing.
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Influence of temperature on the spectral composition of the breakdown
electroluminescence of silicon carbide p-n structures
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The spectral dependence of the temperature coefficient of the quantum efficiency of breakdown
electroluminescence of alloygun structures based on silicon carbide is investigated. A

similarity is observed between the profiles of the spectral distributions of the temperature
coefficient and the relative slope of the spectrum. These curves were found to have
characteristic features that depend on the crystal modification of the as-grown material and the
working voltage of the structure. @999 American Institute of Physics.

[S1063-782629)02206-1

Silicon carbide-based radiators operating in the electricalures in which the microplasmas were tightly and uniformly
breakdown regime hold considerable promise for the senspacked into the entire area or were localized in a ring occu-
tivity calibration of spectral equipment and optoelectronicpying a large part of the area of thpen junction. For such
devices containing photomultipliers. They stand out fromsamples luminescence from a large number of microplasmas
conventional standard radiators by virtue of their broad, flatvas observed under the microscope, beginning with currents
spectrum, which resembles the spectrum of an absoluteo greater thad=0.1-1 mA. In the absence of defects the
blackbody at a temperature of 6000—8000 K, and by the exmicroplasmas were localized around a circle in the peripheral
ceptionally high temperature stability of their total radiatedregion of thep-n junction.
power? In general, structures with microplasmas localized in a

It is all but unknown, however, how temperature influ- narrow ring in the peripheral region of then junction were
ences the spectral composition of the radiation. This situationbtained on the basis of 3C-SiC. The breakdown voltages
is probably attributable to difficulties of a methodological differed sharply in different growth sectors, ranging from
nature associated with the need for extremely accurate rene or two to hundreds of volts. Structures were obtained
cording of weak optical radiation fluxes. Apart from its prac- under certain conditions, in which breakdown electrolumi-
tical importance, the investigation of the influence of tem-nescence observed visually under the microscope witB0
perature on the emission spectrum can provide additionahagnification was viewed as essentially uniform in area,
information about the mechanisms of the process — inforwithout microplasmas. The working voltage for these
mation that is impossible to obtain by analyzing the profilesamples usually did not exceét=20V.
of broad, flat spectra. The structures to be measured were placed in heat-

Here we report the results of an experimental study ofdissipating casings. Base contact was established by the
the effect of temperature on the spectral distribution of thevacuum spraying of Ti Ni. The radiation from the samples
guantum efficiency of the breakdown electroluminescence ofvas recorded through the thpregion.
alloyed silicon carbidep-n structures as a function of the In our selection of the structures and preparation of the
crystal modification of the as-grown material and the work-samples we strove to minimize the influence of radiation
ing voltage of the structures. scattered or reflected from the faces of the crystal.

The p-n structures were prepared by alloying Silumin The emission spectra were measured in the photon en-
disks with silicon carbide crystals, polytypes 6H and 15Rergy rangehv=1.8—3.8eV in stepsAh»=0.05eV by
grown by the Leighly method, and also with single crystalsmeans of a ZMR-3 monochromator. A photon counter utiliz-
of cubic silicon carbide 3C-SiC prepared by the thermal deing an FBJ-79 photomultiplier, carefully selected to ensure
composition of methyl trichlorsilane. The structures had di-the most stable possible detection of radiation, was used as
ameters of 156300um. The disks were fused into natural the photodetector. The samples to be measured were placed
faces of the crystals perpendicular to the crystallograghic in a special holder directly in front of the entrance slit to the
axis. For 3C-SiC fusion was performed into the most fully monochromator. The holder afforded the possibility of regu-
developed B-face. The density of uncompensated donors ilating and stabilizing the sample temperat(fgin the range
the as-grown crystals was 8- 10°cn?. from room temperature to 400K. The signal intensities

As a rule, breakdown in the investigated structures was$(hv) from the measured sample were reproduced within at
localized in microplasmas. Judiciously planned technologicamost 0.1% error limits over the entire spectral range during
regimes involving the artificial injection of defects into the the time (~2h) to measure two spectréat two different
subsurface layer of the as-grownSiC layers yielded struc- temperatures

1063-7826/99/33(6)/5/$15.00 672 © 1999 American Institute of Physics
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A TRSh-3000 ribbon-filament incandescent lamp was 0.05F
used for calibration. To obtain a smooth calibration curve
free of anomalous features in differentiation, the experimen-
tal dependence was approximated by a fourth-degree poly- 0
nomial. The absence of fine-structure anomalies in the pho-
tosensitivity spectrum of the RE79 was additionally tested
in the photon energy intervély=3.3— 3.8 eV, where bands
were observed in the breakdown electroluminescence spec
tra.

As a rule, the temperature curves of the spectral density _, ,,
of the quantum efficiency were linear in the temperature
range 300-400 K, and they could therefore be used to char-

T

-0.05

Phe » %/ K

acterize the relative temperature coefficient expressed in -0.15

units of % /K. Ly b
To plot the spectral function,,(hv), the spectral dis-

tributions of the signal from the sample were measured in 3r

succession at room temperatufg and a temperaturd,

100 K above room temperature. The constancy of the photo-
sensitivity of the recording system was monitored during this
operation. The quantity, was determined for each photon 3

energy in stepahr=0.05eV from the equation .
1(T2)—1(Ty)
=————F——X100%.
T H(TY) - (ToTy) ’
The spectral distributions of the quantum efficiency of -3 : : : - .

the sampleN,,(hv) and the relative slopes of the spectrum
&(hv)=(1/N,,)AN;,/Ahv were also recruited for a com-
bined analysis.

An estimation of the internal quantum efficiency of
breakdown electroluminescence within 100% error limits
gives a value of the order of 16—10® photons/
electroneV within the limits of the spectral intervahy
=1.8—-3.8eV for samples differing in their emission topog- = 0.41
raphy, working voltage, polytype structure, degree of doping,

he » @Tb. units
-
T

and purity of the as-grown crystals. The least scatter of the b.zr

guantum efficiency was exhibited by samples prepared on : , . , ) )
the basis of industrial 6H-SiC crystals, with a working volt- 0'71.6 2.2 2.6 3.0 3.4 3.8
age higher than 16 V and a uniform field of microplasmas. by, eV

Alow quantum eff|C|ency from the entire set of Sa'mpleSFIG. 1. Spectral distributions for 6H-SiC-based structutastemperature
was observed for structures with a low working voltage coefficient of the quantum efficiency of breakdown electroluminescehge;
(14 V or lower for 6H-SiQ, which probably corresponds to relative slope of the spectral distribution of the quantum efficiericy;
tunneling breakdowﬁ. guantum efficiency. Sample number and measurement re@imenA/

The emission spectra of the-SiC-based samples com- Lnggl] (5()1 )zée[‘éc[ifé_lfj?.;,f?hiefu[rlv%?ﬁf;r(ﬂgf)teSdsSiwaléq@?)zft;[ ?2)/

prised a broad band with a not very pronounced structure ev-*; (3)2 ev-%: (5 3 ev .

(Figs. 1c and 2c Differences between the polytypes 6H-SiC

and 15R-SiC appeared only in the spectral structure mani-

fested in the differential curves Figs. 1b, 2b, and. $tor the  spectral range, generally not exceeding the interval

majority of the samples the profile of the spectrum in all—0.05-0.05%/K.

details was essentially independent of the working curdent Figure 5 shows the temperature coefficient of the quan-

in the range from 10 mA to 100 m&he corresponding dif- tum efficiencyy as a function of the voltage on the sample

ferential curves in Figs. 1b and 3b merge together for alwhich is determined mainly by the density of uncompen-

practical purposes sated donors in the as-grown crysjalfor a current
The 3C-SiC samples contained, against the background=50 mA and a 6H-Si(-n structure with a uniform micro-

of the wideband spectrum, a comparatively narrow band witlplasma field. The points indicate the total valuesyofe-

a maximum near 3.1 e\Fig. 40, whose contribution rela- ceived by a nonselective photodetector; the vertical line seg-

tive to the background, as noted in an earlier papimin- ments indicate the maximum and minimum valuesygf in

ished considerably as the excitation level was raised. the spectral intervahy=1.8—3.8¢eV. It is evident from the
Exceptionally low values ofy,,, were observed for the figure that a weak dependence pon U is observed. One

6H-SIC and 15R-SiC samples over the entire investigate@xception is sample 164U(=12.6V), in which tunneling
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FIG. 2. Spectral distributions for 15H-SiC-based structuf@stemperature L o )
coefficient of the quantum efficiency of breakdown electroluminescehbge; FIG. 3. Influence of excitation Ieygl on the spectral dIStI’Ib'Ut'IonS for 6H-SIC
relative slope of the spectral distribution of the quantum efficiericy: structures:(a) temperature coefficient of the quantum efficiency of break-
quantum efficiency. Sample number and measurement refimenA/ down electroluminescencéh) relative slope of the spectral distribution of
U, V] (1) 41[100/14.3; (2) 28[50/26.7; (3) 92[50/24.1. (b) The curves the quantum _efficiencytc) quantum efficiency. Sample number and mea-
are shifted upward by2) 0; (3) 1 eV'% (1) 2 eV L. surement regimgJ, mA/U, V]: (1) 120[10/16.4; (2) 120[100/176.8; (3)

' ' 11[10/18.5; (4) 11[100/20.0; (5) 28[10/23.1; (6) 28[100/25.1. (b) The

curves are shifted upward byl, 2 0; (3, 41 eV % (5, 6 2 eV 'L,

breakdown probably takes place; sample 11=(19.4V)
also stands out for its high positive valuespf the influence of other factors, should be proportional to the

The general behavior of the spectral curggs(hv) and relative slope of the spectrum in the given spectral region. In
£(hv) are well reproduced for all crystals of the given poly- fact, for the quantityy,, we can write
type, permitting typical in_divi(_jual cases to be treated sepa- 1 4N, d(hv) 1 4N,
rately. The curves contain highly pronounced features that YN athe) dT T N- aT D
are characteristic of each polytype. hv d(hv) hv

Figure 1 shows the spectra of typical 6H-SiC samplesThe quantities (My,)[ Ny, /d(hv)] andd(h»)/dT in the
with different working voltages. first term are(respectively the relative slope of the spectrum

It is evident from Figs. 1a and 1b that the nature of the[fwhose approximate valugé(hv) we have determined ex-
spectral curvesy,,(hv) and £(hv) is similar in many re- perimentally and the temperature coefficient of the band gap
spects. It can be assumed in light of this similarity that one ofesponsible for radiative transitions in the given region of the
the factors governing the temperature coefficient and itspectrum. The first term corresponds to the contribution of
spectral dependence is the temperature shift of the maithe temperature shift of the emission bands without any
components of the radiation. Here the quantum efficiencyhange in their profile and amplitude. The second term char-
increases on the leading slope of the spectral band and deeterizes the influence of factors governing the variation of
creases on the trailing side, where the relative variation ofhe profile and amplitude of the spectral bands. The principal
the quantum efficiencyi.e., the value ofy,,,), exclusive of factor here in the case of breakdown electroluminescence is
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FIG. 5. Dependence of the temperature coefficient of the quantum efficiency
of breakdown electroluminescence on the working voltage for 6H{BIC
structures.

tion bands is stronger than that of the emission bands, which

. . . ! L are found to have significantly weaker ties with the band gap.
1__15 X c It is evident from Fig. 1a that 6H-SiC has a characteristic
a feature in the form of a weak broad band on thg(hv)
§ 0.8y curves with a maximum in the vicinity of 3eV. Thghv)
S ek curves do not have this featufBig. 1b. The £(hv) curves,
= in turn, have two extrema in the vicinity of 3.4eV and
% 041 2 1 3.7 eV, indicating the presence of corresponding bands in the
= o2t emission spectrum. However, these extrema do not appear
. . . . ) on they,,(hv) curves.
Dg - It is also evident from Fig. la that the nature of the
’ feature in the form of a broad maximum on thg,(hv)
f curves changes in a regular fashion with the working volt-
2 047 age. For sample 164 with) <14V (curves1 and 2) this
"’3 feature is not very pronounced on thg,(hv) curves(par-
co2k ticularly at low current The slope of the long-wavelength
8 edge of the feature is greatest for samples having low break-
) . . . , down voltages(curve 3). For samples with comparatively
0,5 2.2 2.6 3.0 3.4 3.8 high breakdown voltageEurve5) the given feature appears

hy, e¥ as a shallow maximum.

FIG. 4. Spectral distributions for 15H-SiC-based structuf@stemperature Con5|der|ng that the bands located in the vicinity of

coefficient of the quantum efficiency of breakdown electroluminescahge; 3-4 €V and 3.7 eV, which are very noticeable on tfev) _
relative slope of the spectral distribution of the quantum efficiedcy;  curves, scarcely alter the profile as the temperature varies,

quantum efficiency. Sample 16, measurement regide50 mA, U but do not show up on the,,(hv) curves, we can assume
=25.4 V. Temperature(1) 300 K; (2) 400 K. that their temperature shift is small in comparison with the
corresponding shift of all other components of the radiation.
probably the temperature dependence of the density of free The behavior of they,,(hv) curves with variation of the
carriers participating in radiative transitions. The similarity current through the sample is dictated Uy Typical cases
of the profiles of the spectral curveg,,(hv) and &(hv) for samples with a uniform microplasma field, prepared on
implies that the quantitiesd(hv)/dT and (1Ny,) the basis of 6H-SIC, are shown in Fig. 3.
X (N, /dT) depend weakly omv. For a series of low-voltage samples a variation of the
The part of the radiation reflected from the faces andworking current corresponds to a significant variation of the
scattered in the crystal is recorded together with the radiatiotevel of the y,,(hv) curves with a slight variation of their
transmitted through the thip region and is subjected to profile (Fig. 3a, curvesl and2). Mainly the second term in
self-absorption. It has been established that the influence dq. (1) varies in this case, indicating, on the one hand, that
the temperature dependence of the optical absorption ithe type of radiative transitions is independent of the current
manifested by a dip in the vicinity of 3eV on the spectraland, on the other, that the current significantly influences
curvesyy,(hv) (Fig. 1a, curvedt and5). This feature is far  free-carrier generatiofmost likely a variation of the tem-
less pronounced on th&hv) curves(Fig. 1b. A substan- perature affects the density of carriers participating in radia-
tially stronger correlation is observed between other featuresve transitions in different degrees for different currents
of the v, (hv) and &(hv) curves. This fact leads to the A weak current dependence of,,, is observed for
assumption that the temperature shift of the optical absorpsamples with U>20V (Fig. 3a, curves5 and 6).
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Sample 11(Fig. 3a, curves3 and4), which has positive the profiles of the curves for 6H-SiC is observed for all the
values of the temperature coefficient of the breakdown elecnvestigated samples.
troluminescence quantum efficiency, resides at the threshold Spectra of a typical 8-SiC sample are shown in Fig. 4.
between the ranges &f corresponding to strong and weak It is evident from Figs. 4a and 4b that conformity is observed
current dependences of,, (to the best of our knowledge, in the nature of they,,(hv) andé(hv) curves. The quanti-
examples of the observation of positive values have not bee#es yn, assume negative values approximately an order of
described in the literatuyeThe density of carriers involved magnitude greater than for samples prepared on the basis of

in radiative transitions probably increases as the temperatuieSiC. The¢g(hv) curves do not exhibit any features in the
increases. vicinity of 3.4 eV and 3.7 eV.

The positive sign ofy,, might be explained on the as- The breakdown electroluminescence spectrum in the in-

sumption that radiative transitions take place predominantlyyestigated range has at least two extrema: a maximum near
via high-energy holes resulting from impact ionization in- 3-1 €V and a minimum near 2.5 &¥ig. 49. At these points
duced by electrons. In-SiC a positive(“anomalous”) tem- the_temperature shift is equal _to zero, ayy is determined
perature dependence of the electronic impact ionization ccgntirely by the second term in E@L): yn,= ye=(1/Np,)
efficient has been observed for an electric field directed(¢Nny/dT). If this quantity is assumed to be independent
parallel to theC axis and has been attributed to miniband©f N¥. the temperature shift of the emission bands can be
splitting of the electron energy spectrum in the conductionesnmated' An attempt to do so has be_en made for sample
band? The state of sample 11 probably corresponds to 6-1, for_ which the values oy, deter_mmed _at the E_:xtre-
maximum fraction of high-energy holes with a density thatMum points 3.1eV and 2.5eV essentially coincldeslight

depends “anomalously” on the temperature in the total free-dlfference in the values of,, at the extremum points is

carrier density specified by the electric current through th observed for the other samplet follows from Eq. (1) that
. . y sp d oy 9 f}he coefficient of the temperature shift of the emission bands
p-njunction. This state is the most probable for the threshol

. ]
region between fully developed avalanche breakdown an

the transition zone corresponding to impact ionization in- _d(hV) Yo Ve @)
duced by tunneling electrons. It follows from previously aTTTaT C &

published curves of the differential resistance pfn struc- The spectral curves-(hv) determined from Eq(2) are
tures as a function of the working voltage, plotted for similar hown in Fig. 4d. The va;\Iue of, has been refined 1;rom the
. 4d. o

samples, that the voltage of sample 11 lies in this threshol ondition thata; does not have any spikes in the vicinity of
region. However, a comparison of the characteristics o he extrema

sample 11 and other samples with similar working voltages It is evident from Fig. 4d that a maximum is observed in

shows that the state of the ionization processes in the samp.Llﬁe vicinity of the optical absorption edd@.3 eV}, with an

and the working vpltage_ are probably not exactly relatedamplitude ~6X10"%eV/K, which agrees with published

one-to-one for the investigated structures. , values of the temperature coefficient of the band Yiapthis

_ The occurrence of the above-indicated feature in the proyegion o+ is probably influenced by the temperature shift of

file of the weak broad maximum on the,,(hv) curves is  the self-absorption edge. At all other points of the spectral

most likely a manifestation of a radiation component characgrye ar assumes values much smaller than the temperature

terized by positive values of the temperature coefficient. A-gefficient of the band gap. The quantity was found to

theoretical calculatichshows that a similar spectrum having jncrease smoothly as the photon energy increases.

a flat maximum in the energy range corresponding to Lacking any basis for assuming that the quantity

~0.854 (Eq is the width of the band gajs typical of direct  (1/N,,)(oN,,,/dT) is independent ofiv, the resulting curve

radiative transitions between light-hole and heavy-hole subggn only be interpreted as a crude estimate.

bands. If the pOSSlblllty of an “anomalous” increase in the In summary, our investigation of the temperature depen_

density of some of the free holes with increasing temperaturgence of the breakdown electroluminescence spectra of sili-

(as mentioned aboyeés also taken into account, we can as- con carbide can be utilized to gain additional information

sume that the identified radiation component is associategbout the mechanisms of the process. Moreover, such an

with direct transitions of high-energy holes. investigation is a potential source of experimental data per-
The spectra for several typical samples prepared on thgiining to the influence of temperature on the structure of the

basis of 15R-SiC are shown in Fig. 2. It is evident from Fig.energy bands of the material.

2a that they,,(hv) curves again have a weak broad band | s , ,

with a maximum near 2.8—2.9 eV, similar to the one ob- ;ﬁyy}égﬁ‘séﬁgg gégﬂ('lgggl]('n’ Zh. Tekh. Fiz52, 543(1982 [Sov.

served for 6H-SiC. In contrast with 6H-SiC, however, a band2yy. wm. Altaiskii, A. M. Genkin, V. K. Genkina, and L. G. OgnevaleE

of similar profile is also generally observed on thghv) ktron. Tekh., Ser. 2, No. 4190, 76 (1987.

. { . .
curves(Fig. 2b. On the whole, better correspondence is ob- M- V- Belous, A. M. Genkin, V. K. Genkina, and O. A. Guseva, Fiz.
( 9 ) P Tekh. Poluprovodn3l, 213(1997 [Semiconductor81, 169 (1997].

served between the profiles of thg,,(hv) and &(hv) 4A. O. Konstantinov, Fiz. Tekh. Poluprovodh?, 2124 (1983 [Semicon-

curves, except for the extrema in the vicinity of 3.4eV and ductors17, 1358(1983].
3.7 eV, which are analogous tdH6SiC. The reason for the ZW- Hacker, Phys. Status Solidi 25, 301 (1974
difference in the properties of the samples prepared from V- 3 ChovkeSilicon Carbide(Mir, Moscow, 1972

6H-SIC and 15R-SiC is still vague. The indicated disparity inTranslated by James S. Wood
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The experimental results of RHEED and scanning tunneling microscopy investigations of
multilayer structures of InGaAs/GaAs quantum dots, obtained by submonolayer epitaxy on
singular and vicinal GaA$100 substrates, are reported. The results presented show that

spatial ordering of nano-objects exists in multilayer structures for InAs and heteroepitaxial InGaAs
layers. © 1999 American Institute of Physids$$1063-7829)02306-9

1. INTRODUCTION 2. EXPERIMENT

One of the main avenues in modern fundamental and The growth experiments were preformed, using the
applied surface physics is the study of the formation of nanoEP1203 setup, on singular GaA400) substrates and on
structures by self-organization of a surface during heteroepiGaAs (100 substrates disoriented in tH@11] direction.
taxial growth in lattice-mismatched systefrisThis is be- Samples(singular and vicinal which had been chemically
cause quantum dots and quantum wires formed as a result Bfated by the method described in Ref. 13, were glued, using
the decomposition of a strained pseudomorphous layer at tHadium, to the same molybdenum holder in a manner so as to

interface of such semiconductors open up ways to producffeecjuCe t0 a minimum t_he nonuniformity of the temperaturt_a
new-generation optoelectronic devidésand make it pos- ield of the heater heating the sample and of the flux gradi-
sible to model and study the properties of “artificial ents at the surface. After the oxide layer was removed, a 300

nm thick GaAs buffer layer was grown in the growth cham-

atoms..”5 The progre;s made in the thgory of nanostruc?ureber at substrate temperatdfe=610— 630 °C in an Ag flux,
formatiorf and the discovery of ordering of quantum-size using the conventional MBE method, maintaining the £

surface formations in théeinAs, InGaA9/GaAs system di-  econstruction of the surface anfL=550°C. The buffer
rectly during molecular-beam epitaxy1BE)"® give hope of layer was doped with beryllium to a density of the order of
obtaining quantum-size structures with prescribed geometrigg!é cm=3 to ensure confinement of the tunneling current in
properties. In Ref. 9, a model of the process leading to selfthe subsequent scanning tunneling microscopy investigation
organization of quantum dots, which consists in the producef the surface. After the buffer layer was grown, the sample
tion of multilayered structures, is proposed and supportingemperature in the arsenic flux was loweredTig=470°C
experimental data on “effective” self-organization of (the moment at which the 24 surface reconstruction
SipG&, 75 on an Si surface are presented. The results ofhanged to &k 4). The Ag/Ga flux ratio was constant and
Ref. 10 also confirm that this method is effective for produc-€qual to 3 in all experiments. The formation of each layer of
ing quantum dots by classic molecular-beam epitaxy in thénAs and InGaAs quantum dots was performed in the SMSE
InAs/GaAs system. The use of so-called “stacked” quantumPr SMBE growth regimes, described in detail in Ref. 14. In
dots, i.e. multilayer systems with vertically electron-coupledt"® SMSE regime the shutters for the group-V and Il ele-
quantum dots, as active regions in semiconductor lasers h&2€Nts aré opened in succession, while in SMBE arsenic is
made it possible already to improve substantially the devicgeposned continuously, while the metal flux is directed onto

. - the substrate cyclically.
characteristics of the laser@hreshold current, radiation
- ' In all cases three monolayefSiLs) of InGaAs or InAs
power, and characteristic temperafute!? y )

p biective in th ; K is fecti were grown with successive cyclic deposition of 0.5 ML of
ur objec |th3 |n. € presen -wor 1S 9 use. refiectiony, o material(six cycles in all. Next, the three-dimensional
HEED (RHEED) in situ and scanning tunneling microscopy nanojisiands formed were buried with a GaAs:Be laithe

(STM) ex situto study the morphological characteristics of yegree of doping= 10 cm3) by conventional MBE at

an ensemble of quantum dots which self-organize inhe same temperatui®,=470°C and the quantum-dot for-
multilayer InAs/GaAs and InGaAs/GaAs structures, obtainednation process was repeated. A special system for automatic
by submonolayer migration-stimulated epita@§MSE and  control of the shutters of the molecular sources, following a
submonolayer molecular-beam epitaf§MBE) on singular  predetermined program allowing for multiple repetition of
and vicinal GaAg100 substrates. the cycles inserted, was developed to grow multilayer struc-
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tures. After growth of the last layer of quantum dots was
completed, the heater heating the sample was immediately
switched off and removed from the sample-holder zone. The
state of the surface was monitoridsitu using an automatic
system for detection and processing of RHEED patterns. The
system consisted of a high-sensitivity video camera, a video
recorder for recording the dynamics of the RHEED patterns
during growth for further detailed processing, a computer for
real-time processing of the video information, and an inter-
face which coupled the video camera with the video recorder
and the computer The GaAs and InAs growth rates were
calibrated in advance using measurements of the oscillations
of the intensity of the mirror reflection in the RHEED pattern
from the calibration sample. The GaAs and InAs growth
rates during the experiments were 0.3 and 0.8—-0.1 ML/s,
respectively.

The surface morphology of the samples was investigated
ex situby scanning tunneling microscog$TM); the mea-
surement method and regimes are described in Refs. 16 and
17. To perform prolonged STM measurements the samples
were extracted from the growth chamber and placed in
silicon-containing vacuum oil to protect their surface from
oxidation. This made it possible to obtain reproducible STM
images for one month after the samples were removed from
the vacuum chamber. Reproducible and stable STM images
were obtained on different sections of the experimental
samples in the dc current regime with a positive bias on the
sample.

3. RESULTS AND DISCUSSION

The in situ RHEED investigation of the heteroepitaxial
growth of multilayer structures showed that the decomposi-
tion of the pseudomorphous layer in the top layers into an
array of three-dimensional islands occurs at a smaller thick-
ness of the deposited material than for the bottom layer.
Thus, for InAs/GaAs SMSE when the first layer of the
multilayer structure is formed three-dimensional islands
form after the deposition of 1.7 ML, and the decomposition
of the pseudomorphous layer on subsequent layers is ob-
served after 1.0-1.1 ML. In our opinion this effect can be
explained by the accumulation of strain due to the formation
of three-dimensional islands in the bottom layers, which
makes an additional contribution to the total elastic strain of
the multilayer structure. It is expressed to a lesser degree
during Iny ¢Ga 3AS/GaAs growth, where the decomposi-
tion of the pseudomorphous layer is observed at 3.0 ML on
the first layer and at 2.7—2.8 ML on subsequent layers. This
is probably due to weaker straining of the nanocrystallites or
lower InGaAs islands in the gallium arsenide matrix than in
the InAs case. A similar effect is observed for the SMSE
regime.

Figures la—1c show STM images of the surface OfFI

Tsyrlin et al.

G. 1. STM images of sections of a surface after the deposition of one

samples after the deposition of one, five, and ten layers Qfyer (a), five layers(b), and ten layergc) of InAs on GaAs(100). The
InAs quantum dots in the SMSE regime on the singularedges of the images are parallel to fle&1] and[011] directions.

GaAs (100 surface with an average thickness of the gallium
arsenide layer between them of 5 nm. Statistical analysis of

the images presented shows that as the number of layers quantum dots increase and the density of quantum dots de-
the multilayer structure increases, the lateral sizes of thereases, which is especially noticeable with a large number
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FIG. 2. STM image of the surface after the deposition of 10 layers of InAs
quantum dots on a singular Ga&E00) surface with 6 nm thick GaAs layers
between the quantum-dot layers. The edges of the image are parallel to the
directions[011] and[011].

of layers. Thus, the lateral sizes ate 12 and 18 nm and the
surface density ip=2.5x 10! and 9x 10*° cm™2 with one

and ten layers of quantum dots, respectively. It should be
noted that similar tendencies have also been observed in
Refs. 11 and 12 by transmission electron microscopy on
similar samples. As the number of layers increases,
quantum-size crystallites with two distinct sizes appear at the
same time as the deviation from the average sizes of islands
decreases and the islands show local spatial ordering in rows
in the[010] and[001] directions. The density of large islands

is low and is approximately 1/100 of the total number of
guantum dots.

Increasing the thickness of the GaAs layer between the
guantum dots to 6 nm changes the surface morphology sub-
stantially. Figure 2 shows an STM image of the surface after
the deposition of 10 layers of InAs quantum dots on theF!G. 3. STM images of the surface after SMSE depositign of one I@er
singular surface for this GaAs thickness. Three basic difer?0 T 7% o nCa s (067 auntum dos it S0 ke
ences from Fig. 1c are observed: The degree of spatial 0fg11] and[o11].
dering of the quantum dots in tf810] and[001] directions
is higher, the density of quantum dots is higher, and there are
no islands with different sizes. The average sizes and thRef. 18, which led to anisotropy of the working characteris-
surface density in this case ate=18 nm andp=10"cm 2.  tics of heterolasers whose operating region consisted of an

Changing the composition of the solid solution InGaAs/GaAs multilayer structure.

In,Ga, _,As (x=0.67) also produces large changes in the Further investigations showed that lateral ordering can
surface morphology. Figure 3 shows STM images of the surbe improved by using vicinal surfaces afud) by increasing
face after SMSE deposition of one layéfig. 39 and ten the number of layers of quantum dots. Figure 4 shows an
layers(Fig. 3b of quantum dotgthe thickness between the STM image of a X2 um? section of the surface in the case
layers is 50 nm For one layer the quantum dots are ar-of GaAs (100 substrate, disoriented by 7° in thel1] di-
ranged isotropically. The presence of anisotropy in the sparection with SMSE deposition of 20 layers of quantum dots.
tial arrangement of nano-objects alof@l0] and[001] di-  The surface sections are divided into smooth terraces located
rections and in the characteristic lateral dimensions in théetween steps with an average height of the order of 10—-20
[011] and[011] directions are characteristic for a multilayer ML (3—6 nn). These steps probably form as a result of the
structure. The average size ratio in the latter case is 4. Mvell-known stacking of monatomic steps, initially formed on
should be noted that such an anisotropy has been observedtire vicinal surface during epitaxial growth?° Uniform
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The influence of the miniband width in superlattices on the polarization characteristics of hot-
electron photoluminescend@¢lEPL) is investigated. It is shown that the energy

dependence and the magnetic field dependence of polarization change significantly as the width
of the electron minibands increases. The limits of applicability are established for the tight-
binding approximation in the calculation of optical transitions in superlattices19@9 American
Institute of Physicg.S1063-782809)02406-0

We have recently showrthat the polarization of hot- RESULTS AND DISCUSSION
e_Iectrc_)n photolgmme_scenrﬁblEPL) depends on the dimen- o | inear Polarization of Hot-Electron Photoluminescence
sionality of the investigated GaAs samples.

In a bulk semiconductor the linear polarizatigior a Figure 1 shows the energy dependence of the linear po-

linearly polarized pumpp, increases slightly as the recom- larization of HEPLp, in superlattices with various Al con-
yp P P gntly tents k~0.3—1), i.e.,, with various barrier height&,

bining elgctron energE increasegthis d(lapend.ence. is dic- (0.29-1.06 €Y. In this figure the calculated values of
tated entirely by the influence of the spin-orbit split-off va- =Ag/A are shown for each case, whexg is the band gap
lence bang On the other hand, in a two-dimensional petween the first and second electron minibands. Also shown
semiconducto(GaAs/AlAs quantum-well structuyehe po-  in the figure, in the interest of clarity, are data obtained in
larization p)=0 at E=0 and increases t@ ~0.5 when quantum-well structure@ark squares in Fig. 1and in bulk
E>E,, where E; is the energy of the first quantum-well GaAs(dark squares in Fig. LfIn the case of bulk GaAs the
state. experimental data are approximated by a dashed line, which

In the intermediate case of superlattices the extrapolatiof$ reproduced in all the graphs of Fig. 1. _ .
of p|(E) brings it to a value of zero at an electron enefyy The measured dependensgE) for superlattices with
close to the width of the first electron minibary rather ~the highest barriersx=1) (see the light circles in Fig. 1a
than atE=0 as in a quantum-well structure. This behavior of.and the solid line apprqmmgtlng them, which is rep_roduced

. . . I .. in all other graphs of Fig.)lis in good agreement with the
p1(E) has been explained in the tight-binding approximation, o : o o
. . ) . . 'analysis in the tight-binding approximation.

WhI.Ch rests on the assumption of weak |ntera<?t|on of nggh- It follows from this discussion that the energy depen-
boring quantum wells. It has been showihat this approxi-  gence ofp, in superlattices having the narrowest minibands
mation is valid in superlattices in narrow electron minibandsis similar to that observed in the case of quantum-well struc-
(in particular, in GaAs/AlAs superlattices with wide barriers tures. The similarity is distinctly evident from a comparison
L,=6 A and for quantum wells of fixed width,,=40A). It  of the slopes of the(E) curves in these two cases in Fig.
was reasonable to expect the energy dependpgr(@) in la. The same dependenpdE) has been observed for a
superlattices with wide minibands to be similar to the depensuperlattice wittx=0.8.
dencep,(E) in bulk GaAs. However, major changes in the dependepd&) occur

Here we report an investigation of the transition from thei Superlattices witrx<0.6, where the lowering of the bar-
two-dimensional(2D) to the bulk (quasi-3D case by the €T height significantly modifies the energy dependence

polarized HEPL method. To do so, we have investigated thd' P1- .
- . . . 1. In the range of electron energiesc&<A the quan-
polarization characteristics in a series of superlatti@s

. . tity p;(E) increases slowly, and the characteristic slope of
per|9ds(40{6)A O_f GaAS/AlXGai—XA,S] overa W"?'e range of the curve is smaller than for the superlattice in Fig.[da
barrier heights(i.e., Al contents in the barriers These

X note thatp,(E) is close to zero in this energy range for
samples were grown by molecular-beam epitaxy on a semiyperlattices with the highest barriers, i.e., with 1).
insulating, undoped(00))-oriented substrate . The middle 2. The slope of the,(E) curve forE>A gradually de-

part of each GaAs quantum weH15 A) was doped with Be creases as the barrier height decreases.

(N,~10%cm™3). The most pronounced changes are observed for superlat-

1063-7826/99/33(6)/3/$15.00 681 © 1999 American Institute of Physics
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tices withx=0.3 (Fig. 1f), where the graph of,(E) (light circular polarizatiorp. of luminescencin circularly polar-

circles is very similar to the bulk GaAs cagdark squares  ized excitation. In the bulk case we encounter the so-called
However, certain details associated with the quasi-2D moeffect of spin-momentum correlation of photoexcited elec-
tion of electrons forE>A are preserved. This constancy is trons, which is described by a term proportional to the ex-

witnessed in the fact that the slope of thgE) curve for i asgion k) (k- n) in their density matrixhere denotes
E>_A d'ffifs ftr_om the Slﬁ_p?] forth@;xI]E<A, smcz ele_ctrogs the Pauli matrices, andl is the unit vector along the angular
naving a kinetic energy higher move predominantly  omentum of the exciting photon This effect increases
in the plane of the superlattice. . o )

fthe circular polarization of luminescence.

It can be shown that the energy at which the slope o Direct experimental confirmation of this effect has been
p1(E) changes corresponds to the top of the electron mini-  ~ ect experimental co ation ot this eftect has bee
btained in Ref. 3, wherp, was observed to increase in a

band. These experimentally observable points are in 9008 o : i
agreement with the values calculated in the Kronig—Penne{i@gnetic fields in Faraday geometry. The behaviormfas
model, which are indicated by vertical lines labeladin a function of the magnetic field showed that the influence of

Fig. 1. the magnetic field reduces to cyclotron rotation of the pho-
toexcited electron momenta and, hence, to the breaking of
spin-momentum correlation. The spin-momentum correlation
effect does not occur in quantum wells; it is impossible to
Another characteristic difference between HEPL in bulkwrite an appropriate term for it, because the electron momen-
GaAs and in quantum-well structures is associated with théum does not have a component in the direction of the angu-

B. Circular Polarization of Hot-Electron Photoluminescence
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0.7 ° with the same effect in the case of bulk GaAs.
g g A E 2 == I = I = I In superlattices the spin-momentum correlation effect is
06F & g V o A 8 a a s p described by the ternB(k,Q)(o-k)(Q-n) in the density
' v ] e v v matrix of the photoexcited electrons, whekes the quasi-
05k v f g V v 9 wave-vector in the quantum well plane, aQdis the quasi-
v 1] 8 a wave vector corresponding to the miniband. It can be shown
o4k v 1 that the coefficieng is proportional to the overlap integral of
’ v bulk v the electron and hole wave functions in neighboring wells
SN e x=1 Y v and must therefore increase as the barrier height decreases.
031 O x=08 VYo The enhancement of spin-momentum correlation as the bar-
A x=06 rier height decreases is manifested in the strong influence of
0.2¢ o x=05 the magnetic field on the circular polarizati¢see Fig. 2
o.gp © x=04 CONCLUSIONS
m x=03
00' L In the study we have discovered a strong dependence of
) 2 4 6 ) 0 the polarization of HEPL on the superlattice miniband width.

8,T This dependence undergoes significant changes upon transi-
' tion from superlattices with narrow minibands to “wide-gap
FIG. 2. Dependence of the circular polarization of hot-electron photolumi-superlattices,” in which it becomes more like the analogous
nescence on the electron energy for superlattices and bulk GaAs. The resu[_t)%pendence in bulk GaAs. Other optical characteristics of
are given for the same samples as in Fig. 1. The spin-momentum correlation erlattices can be e ec.ted to exhibit sianificant change
effect is restored in superlattices with wide minibaridee x=0.4 and _SUP ' S_ Xp _X 1ot signi . ges
x=0.3). in the same interval of; corresponding to the 2D—quasi-3D
transition.

) ] In the dependence of the degree of linear polarization on
lar momentumn (n is assumed to be perpendicular to the e electron energy a characteristic bend is observed at ener-
plane of the quantum-well structyreResults given below gies corresponding to the miniband width.
attest to the onset of spin-momentum correlation in superlat-  \ye have established that the spin-momentum correlation
tices as the widths of their minibands increase. effect, which is characteristic of the bulk material but does

Figure 2 shows the magnetic field dependence®@f ot occur in quantum wells, is restored in superlattices as the
measured in Faraday geometry, for electrons having a kinetigiqin of their minibands increases.
energyE~80—100 meV. In bulk GaAg, decreases rapidly This work has received financial support through grants
(dark inverted trianglgsas the fieldB increases due to the fom the Russian Fund for Fundamental ReseaRAFI

breaking of spin-momentum correlation. Spin-momentumyos  96-02-16895, 96-15-96393, and 96-15-963%d
correlation does not occur in superlattices with narrow mi”i'VoIkswagen(No. 1/70958.

bands, anc, does not vary a8 is increaseddark circles

(X:-l) and sq_uares<(=0.8)]. |Ij1 the case of wide-gap super- V. F. Sapega, V. I. Perel’, A. Yu. Dobin, D. N. Mirlin, I. A. Akimov
Igttlcgs. the circular polarlzatlon decreasgs as thg magnetic;’ Ruf, M. Cardona. and K. Eberl. Phys. Rev5B, 6871(1997. '
field is increased. This effect becomes noticeable in superlatzy p. pymnikov, M. I. D'yakonov, and V. I. Perel’, Zh. &p. Teor. Fiz.
tices withx=<0.6 and implies that the formation of a wide 71, 2373(1976 [Sov. Phys. JETR4, 1252(1976)].

miniband restores the spin-momentum correlation effect. In’l: Ya. Karlik, D. N. Mirlin, L. P. Nikitin, D. G. Polyakov, and V. F.
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ing of spin-momentum correlation is already comparableTranslated by James S. Wood
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a-C: H layers were grown by dc magnetron reactive sputtering of a graphite target-inty
plasma. Ellipsometric measurements were carried out and analyzed at a wavelength of
6328 A for three sets ad-C : H layers with different thicknessédifferent sputtering timeson
silicon, fused quartz, and glass-ceramic substrates. It was shown that the substrate material
had a substantial effect up@aC : H growth:a-C : H layers on Si substrates were uniform up to
~ 7000 A thickness; for thin layerg<1000 A) the growth rate was greater on quartz than

on Si; the refractive index values afC : H were slightly different on quartz and Si substrates
(1.60-1.65 and 1.651.72, respectively a-C : H layers on glass-ceramic substrates were

not uniform and had variable refractive index. 99 American Institute of Physics.
[S1063-78209)02506-3

Amorphous hydrogenated carbon has a number obf the substrate and uniform layer growth in the substrate
unique properties, such as chemical stability and high hardplane.
ness, and for this reason it is an attractive material for prac- As the substrates, we used single-crystal silicon wafers
tical applications and physical studies. The properties of 4KDB-20) with [100] orientation, fused quartz, and glass-
material containing different phasdgraphite-like phases, ceramic(ST32-1), all with mirror-smooth surfaces, and all of
diamond-like phases, polymer clustedepends strongly on which were washed with organic solvents immediately be-
the conditions of its fabrication. One of the fabrication pa-fore deposition of thea-C:H layer. The substrates were
rameters is the substrate material. The present study is Rlaced in the sputtering chamber after being heated to
continuation of a number of studies investigating layers 0200 °C. A voltage of 360V was applied to the electrodes,
amorphous hydrogenated carbon, fabricated by magnetrofith the discharge current being 1A and the working gas
sputtering(see, e.g., Refs. 133and has as its goal a com- Pressure-10"2Torr.
parative analysis of the growth rates and optical parameters. Obviously, the thickness of the growaC:H layer,
of a-C : H layers on silicon, fused-quartz, and glass-cerami¢Vithout changing any other fabrication parameter, is con-

substrates. The substrate materials in our experiments weFé)HEd. by the deposition tim@arget sputterln_g time In our .
chosen for the following reasons, namely, that layers are sz_expenments we prepared samples under different deposition

ten grown on fused-quartz substrates for spectrum studies fmes (1) in the interval 0 to 30 min, and also under the

the visible spectral range, on silicon substrates for infrareéjepOSItIon timest=1h, 2h, and 5h 15min. During each

. _growth shift, three substratesilicon, fused quartz, and
spectroscopy, and on glass-ceramic substrates for electric . .

" _glass-ceramic were loaded into the setup simultaneously.
measurements. Under such conditions, when results of ditz

hus, we prepared series of films of different thicknesses,

ferent experiments are compared, there is no final Certain%btained under identical conditions, but on different sub-
that one is considering one and the same material. strates

Layers of amorphous hydrogenated carban((:H) We performed ellipsometric measurements on all of the
were deposited by reactive magnetron sputtering Ofagrap%‘amples using an LEE3M laser null-ellipsometer. As the

ite target at constant current in an argon—hydrog8®%  ragiation source we used a He—Ne laser, with radiation
Ar + 20% H,) atmosphere. The layers were prepared on &yayelengtih =6328 A. The measurements were made at dif-
01NI-7-006 “Oratoriya-5" commercial setup with a flat an- ferent angles of incidendeeflection of the light beam in the
nular cathode—the target, a grounded anode in the center @iterval p=50—70°.

the ring, and a set of permanent magnets located under the The essence of the ellipsometric method is that the ac-
cathode, creating a magnetic field. The setup was equippeashiracy of determination of the optical characteristicsm-

with a planetary mechanism which provides a two-step revoplex refractive indexand thicknesses of the layers from the
lution of the substrate holders with a rate of 30 revolutionsellipsometric measurements depends strongly on the inter-
per minute. This rate of revolution ensures uniform heatingplay of the conditions of measurememtavelength, angle of

1063-7826/99/33(6)/5/$15.00 684 © 1999 American Institute of Physics
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FIG. 1. General fornta) and segmen(th) of the /—A nomogram fora-C : H layers on silicon withp=70°. Points correspond to experime(it:-6) correspond
to layers grown at=2, 7, 10, 13,17, 30 minga— t=30min,7 — 1h,8 — 2h,9 — 5 h 15 min;6, 6a— two different samples, obtained for the same
duration of deposition, but in different events; the two points lab8ledrrespond to two different points on the surface of the same saifipled’) —
successive ion etching of a layer with growth timne30 min (point 6) for etch time equal to 2+1, +1, +2, +5 min. Solid lines — calculation with the
following parameter values: complex refractive index of silidbg= 3.882-i10.02(Ref. 6), refractive indices of the growing layer= 1.6 and 1.7indicated;
markers indicating the thickness of the dielectric layer are provided in the first ellipsometric period.

incidence and the parameters of the investigated structureefractive indices are packed into a narrow interval of values:
(complex refractive index of the substrate, of the layer, anch=1.65-1.72.
of the layer thickneggqsee, e.g., Refs. 4 and.T herefore, in The calculated curves in Fig. 1a are labeled by markers
each series of samples, to facilitate analysis of the measur@édicating the thickness of the growing layer. To determine
ments, we chose data at specific angles of incidence for eathe thickness it is necessary to take into account the number
substrate materiakp)=50 and 70° fora-C:H on Si, =50 of the period: point8 belongs to the second period while
and 65° fora-C : H on quartz, and=50 and 55° foma-C:H  points9 belong to the fourth period. A period corresponds to
on glass-ceramic. These were the data we used in our work change in the layer thicknedg= \/2(n— sirf¢)*?, which
We present the results of our measurements in the forrfor n=1.72 ande=70° amounts to~2200 A. Thus, for ex-
of ellipsometric parameters—the amplitude parame¢tand  tended sputterings h 15 min layers of thicknessi~7000 A
the phase parametey entering into the basic equation of are obtained, and in this case the refractive index has the
ellipsometeryp =tany- exp{A)=R,Rs, whereR, andRs are  same value as is characteristic of thin layers. This means that
the complex amplitude reflection coefficients for the electrica uniform dielectric layer is formed during the entire depo-
vector of the light wave in the plane of incidence and per-sition process and the implemented calculational model,
pendicular to i-® Solution of the inverse problem to deter- which assumes a constant refractive index over the thickness
mine the parameters of tleeC : H layers was not applied. To of the layer and zerénegligible extinction, is valid.
analyze the experimental data, we compared them with cal- Results of measurements for the series of samples which
culation (the direct problemin the model of a uniform di- used wafers of fused quartz as the substrates are shown in
electric layer on substrate. Figs. 2a and 2b for two angles of incidenges50 and 65°
Since the functiorp (and consequentlyr and A) varies  (on different sides of the Brewster angle for quarta this
periodically with layer thickness and since the number of thecase, as in the preceding series of samples, points with small
period is not specified in the ellipsometric measurements, wepread fall out of a calculation in the uniform layer model.
estimated the thicknesses in order of magnitude using a Lin-lowever, in comparison with the samples on a silicon sub-
nik interference microscope. strate, a tendency is observed toward lower refractive indi-
Figure 1la compares the results of measurements of elliges:n=1.60-1.65. For the calculations we used a value of
sometric parameters f@-C:H layers on silicon substrates the refractive index for quartng,=1.456, found experimen-
with the calculated nomogram for two refraction indices oftally. Note that poin8 in these figures, which corresponds to
the growing layern=1.6 and 1.7, which subtends a large two-hour deposition, is found in the second ellipsometric pe-
part of the ellipsometric period. Figure 1b plots a segment ofiod (d,=2360 A for ¢=65° andd,=2200A for ¢=50°).
this same plot, but with increased scale, where most of the It can be seen from Figs. 2a and 2b that as a result of
points are concentrated. In the calculations we used the conmreasurements at different slightly different values of the
plex refractive index of silicodNg=3.882-i0.02(Ref. 6. It refractive index correspond to the same santelg., point3
can be seen from the figure that the poiits and6a cor-  in one case lies on the curve corresponding01.62, and
responding to short deposition times, 30 min or less, and alsm another case it lies on the curve corresponding to
points for samples with=1 h (point 7), 2h (point 8), 5h  n=1.64). This fact can most likely be explained by nonuni-
15 min (the two points labele®) have some spread, but the formity of the sample in the layer plane and a different area
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FIG. 2. ¢—A nomograms foa-C : H layers in quartZQ) with ¢=50° (a) and 65°(b). Points correspond to experiment; notation the same as in Fig. 1. Solid
lines correspond to calculation with the following parameter values: complex refractive index of yartt.456-i10.00 (from experiment, refractive
indices of the growing layen=1.60, 1.62, 1.64, 1.66ndicated; markers indicating the thickness of the dielectric layer are provided in the first ellipsometric
period.

of the light spot on the sample at different angles of inci-in Fig. 3, all the way up ta=2 h the points fom-C: H on

dence of the light beam. . _ quartz lie above the line describirsgC : H on Si. The inset
Above, we only touched on estimates of the thicknesseg, Fig. 3 plots the initial segment of the scale, up to
of layers with long deposition times. At the same time, for,_ 5, min, on an expanded scale. It can be seen that at least

each sample, _from both series we determme_d an accuragy qmait the growth rate o&-C: H on quartz is noticeably
value of the thickness from measurements at different anglelarger than on silicon: it is=30 A/min

of incidence, so that in the calculatidimcluding the calcu- For the same two series of samplesC : H on silicon

lation of the period for thick samplg@ each case we used . .
. . nd on quartz, we attempted to remove the 30-min deposi-
the accurate experimental value of the refractive index an . L L )
X on layer (from point 6) using ion etching in a high-
not the value averaged over the series of measurements. rré uency alow-discharae with a power of 0.15 kW at a re
the basis of these data we constructed dependences of t gd v 9 g P '

layer thicknes4d) on substrates of silicon and quartz on theSldual air - pressure O.f IGTON' The .elllp'sometrlc
deposition time(t), which are shown in Fig. 3. The depen- parameters for stepped ion action on the films is shown by

denced(t) for a-C: H on Si is linear over the entire interval points1’ —5" in Figs. 1 and 2. The process of etching: - H

of thicknessegpoints on the straight lin&), i.e., deposition on Si essentially follows the growth curve, gnd such a
proceeds at a constant rate. The slope of the line allows us {§€thod can probably be used to decrease the thickness of the

determine the rate of growth, which is equal to 22.5 A/min. film. At the same time, foe-C:H films on quariz the pro-
For samples 0&-C:H on quartz we do not have data cess takes an unexpected course: after the first few minutes

available corresponding to long deposition times. However@n abrupt deviation toward low refractive indices is ob-
served. This apparently means that what takes place is not
layer-by-layer etching, but an abrupt strong loosening of a
) ¥ significant part of the thickness of the layer.
e // Growth of a-C:H layers on glass-ceramic substrates
g00 |- §~ }g/i proceeds quite differently than on substrates of silicon or
quartz. We used ready-made commercial wafers of glass-
00 ceramic with a mirror-smooth surface. Figure 4 plots the
experimental points in thg—A plane for two angles of inci-
dencee=50 and 55°. For visual convenience these two sets
of points are plotted separately. Both sets of points corre-
spond to short deposition times, namely, 30 min or less. We
200 emphasize that the considered samgesnts1-6 and6ain
- e Fig. 4) were grown simultaneously, in the same growth shifts
ok . | ' | . ' ' ' with the corresponding samples on quartz and siligmints
0 700 200 300 %00 1-6 and 6a in Figs. 1 and 2 In Fig. 4 the points lie on
t,min curves with a salient point and a maximum. It is impossible
FIG. 3. Thickness of the&-C:H layer (d) on silicon (1) and quartz(2) to describe such curves i-A coordinates in the model of a

substrates versus growth tini@. Inset shows a segment of the dependenceur_“form d'elecmcl lay.er or in the model of a un'forlm !ayer
for short growth times. with nonzero extinction. The form of the curves indicates

g 400}
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9.0k a P nonuniform transitional layérby parameters of an effective

- AN homogeneous substrate corresponding to the same point in

851 4,/ \\ the y—A plane is an approximation. However, analogous
80: 6 e b \21 curves, almost indistinguishable from those in Fig. 5, were

e Al obtained by calculating in another way, where the transi-

75k tional layer was modeled by a set of layers with different

g R B complex refractive indices. Of course, when there is no in-

= 1.0 formation about the composition or structure of the transi-
ol b f tional layer, any model is of necessity speculative in nature;
6.5 4’/ \2 therefore, we do not present modeling results here. At the
150’_ 54 ‘*1 same time, thg coincidence of the_ ellipsometric nomograms
el e ‘L for the two variants of the calculation suggest that the use of
%5k 5./ & an effective substrate is permissible, and therefore we will

P TR R S S T T consider to what extent the experimental points correspond

%o 190 7504 d,eZD 80 0 to this calculation. As can be seen from Fig. 5, §or55° the
2

experimental points for the samples obtained under long
FIG. 4. Experimental values of the ellipsometric parametersofeb5° (a) deposition times do not lie on a calculated curve with a defi-
and 50°(b) for a-C : H layers obtained for short deposition times, on glass- nite index of refraction, and the difference is larges 1.5
ceramic substrates. Notation of points the same as in Figs. 1 and 2. The 1.6 fort=30min. 1 h(pointsG 6a and7) andn~1.9 for
point for glass-cerami¢G) was obtained experimentally. : . L . . ’ .
t=5h 15 min(point 9). For ¢=50° point9 corresponds in
the analogous calculation to a curve with a still larger refrac-

'p;(e index —n=~2.1. Both of these interrelated facts—the

that at this stage a layer whose optical parameters chan% | fth . | voi g th
during growth is formed. It is entirely probable that the de-, Isplacement of the expgrlmenta points toward largent .
increase of the growth time of treeC : H layer and the dif-

posited carbon interacts with components of the glass : . . :
ceramic substrate. After the salient poirpoint 5, ference in the values af obtained by comparing with cal-

t=17 min), which is especially visible fop=55° (Fig. 4, a culation for different angles of incidence—imply that the

tendency toward smooth variation of the curve is Seenmodel of a homogeneous dielectric layer is inapplicable for

Therefore it may be assumed thattat17 min formation of describing not only thin layers on a glass-ceramic substrate,

the intermediate or transitional layer comes to an end anFUt also the layer after 17 min of _growth. Thus, M H
growth of thea-C : H layer itself commences. On this basis 2Yers that form on a glass-ceramic substrate are highly non-

we attempted to compare the available experimental points éplform, ar|1dl questions ﬁ\bout whet_herhwe dare tgllgng about a
growth timest>17 min with the calculation for a uniform transitional layer, at what stage Iin the deposition process

dielectric layer using as our calculational parameter for thedoleshgrowth .of'a umform layer bnglrclj, and what are its opti-
starting point of layer growth the complex refractive index of “& € aracteristics remain unresolved.

some effective substraté.=1.746-i0.1 corresponding to T(_) sum up. the study reported here allows us to draw the
point 5 in the /—A plane(see Fig. 5. Replacing the optical follozwrég l;:onclusmns. il v infl h h
parameters of the actual structure at which layer growth be- - Substrate matenals strongly infiuence the growth rate

gins (which is in essence the glass-ceramic substrate with gnd optical chgractenshcs ofa dgposmed: : H, layer.
2. On a silicon substrate a uniform layer is formed up to

thicknesses-7000 A.

3. Thea-C:H layers on fused-quartz and silicon sub-
strates have similar, only slightly different refractive indices
for \=6328 A: 1.60-1.65 and 1.651.72, respectively.

4. For growth times up to 30 migthicknesses<1000 A)
the growth rate on quartz is substantially gredbsra factor
of ~1.3) than on silicon.

5. A nonuniform layer is formed on a glass-ceramic sub-
strate.

We wish to thank Prof. V.. Ivanov-Omskfor helpful
discussions and for support of this work.

*)E-mail: shar@nano.ioffe.rssi.ru

FIG. 5. Comparison of experimental points B : H layers deposited on

glass-cerami¢G) with calculatediy—A nomogram forp=55°. Notation of V. L. Averyanov, T. K. Zvonareva, A. V. Chernyshev, and S. G. Yastre-
points the same as in Figs. 1 and 2. Calculation parameters: complex refrac-bov, Fiz. Tverd. TelaLeningrad 33(11), 3410(1991) [Sov. Phys. Solid
tive index of the effective substrate, corresponding to pBiftt=17 min) in State33, 2763(199))].

the ¢—A plane,Ngt=1.746-10.1; refractive indices of the growing dielec- 2G. A. Dyuzhev, V. I. lvanov-Omskii, E. K. Kuznetsova, V. D. Rumyant-
tric layern=1.5, 1.6, 1.7, 1.9indicated; lines of constant thickness are sev, S. G. Yastrebov, T. K. Zvonariova, and M. |. Abaev, Mol. Magr.
drawn for the thickness equal to 50 and 150 nm. 103(1996.
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The polarization photosensitivity of two types of GaAlAs/GaAs heterophotoelements has been
investigated. It has been shown that in heterophotoelements without an antireflection

coating the induced photopleochroism is governed by optical processes at the air—GaAlAs
surface boundary, and the angular dependence of the short-circuit photocurrents is described by
the Fresnel relations. It was found that the angular dependence of the photocurrents for

andp polarizations are similar in heterophotoelements with an antireflection coating and exhibits
growth with increase of the angle of incidence. In the cleared region the induced
photopleochroism is observed to fall to zero. It has been shown that heterophotoelements without
an antireflection coating can be used as wideband photoanalyzers with a maximum azimuthal
photosensitivity of up to 0.1 AMdeg for an angle of incidence of 75°, while polarization
photosensitivity spectroscopy makes it possible to carry out express diagnostics of the

clearing effect in thin-film solar cells. €999 American Institute of Physics.
[S1063-782629)02606-X

Efforts to fabricate GaAlAs/GaAs heterophotoelementsaim of reducing reflection losses, the surface of the wideband
and investigate photoelectric phenomena in them have tradiayer was subjected to anode oxidation in a neutral medium.
tionally been oriented toward achieving a high quantum efAs a result, a single-layer antireflection coating was formed
ficiency of photoconversion of solar radiatibi. For this  on the surface of the wideband layer. The area of the inves-
reason, the photoelectric properties of heterojunctions basdijated heterophotoelements was0— 100 mnf.
on the isotropic semiconductors GaAs and GaAlAs are usu- 1. In unpolarized light the spectral dependence of the
ally examined using unpolarized light. In the present papecurrent photosensitivitys, of both types of heterophotoele-
we report the results of experimental studies of the photosenments is rather similar for the most part, as can be seen from
sitivity of GaAlAs/GaAs heterophotoelements in linearly po- Fig. 1. Indeed, the long-wavelength photosensitivity edge is
larized light(LPL), which, as a result, has made it possible toidentical and is described by an exponential law, from which
uncover new potential applications of polarization photoelecit follows that its slopes= §(In S)/8(fw) in such heteropho-
tric spectroscopy for diagnostics of the quality of preparedoelements corresponds to direct optical transitions in the
structures and point to a new area of application of thessubstrate material. The energy position of the long-
heterophotoelements. wavelength photosensitivity edge and salient péint; cor-

The investigated heterophotoelements were grown at eespond to interband absorption in GaAs, but the spread in
temperature~550-750°C by liquid-phase epitaxy from values offiw, in the range 1.40—1.44 eV is probably due to
solution—melts of the system Ga—Al-As. As the substratesome solubility of Al in the active region of the heteropho-
we used(100) oriented wafers of GaAs: Sn with free elec- toelement. The observed differences in the full-width at half-
tron density up to 1¥cm 2 at T=300K. The as-grown maximum(FWHM) of the photosensitivity spectré,,, and
layers, according to microprobe studies, had compositioiin the range of the maximum photosensitivitys ,, and its
Gay 157l gsAs and thicknessl;~0.15um. The hole density short-wavelength falloff for the investigated structures are
in the wideband layers reached'$6m ™2 due to magnesium governed by recombination in the region of the interface and
impurity doping. Efficiencies of 24.6%AMO, 100 Sung by optical losses in the anode-oxide layers. This short-
and 27.5%(AM 1.5, 100 Sunswere attained in solar cells wavelength falloff is represented in Table | as the ratio of the
based on such heterophotoeleménts. short-circuit photocurrent #&tw=2.5eV, |, 5, to the maxi-

Photoelectric measurements were performed on twenum short-circuit photocurrert,,. The highest maximum
types of heterophotoelements. In one of them the incidenphotosensitivityS" is observed in heterophotoelementsfof
radiation fell directly on the surface of the G@AlggsAs  type (Fig. 1 and Table )| whereas there is a significant
epitaxial layer(A type). In the other typdB type), with the  spread in the photoelectric parameters in the heterophotoele-

1063-7826/99/33(6)/4/$15.00 689 © 1999 American Institute of Physics
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FIG. 1. Spectral dependence of the current photosensitivity of GaAlAs/ 0 ) deg. 20

GaAs(1) and Ox/GaAlAs/GaAs heterophotoelemefs— sample 33 —

sample 4 at T=300 K in natural light.
ple 4 9 FIG. 2. Short-circuit photocurrents{ — 1, i — 2) and induced pho-

topleochroism(3, 3') of a GaAlAs/GaAs heterophotoelement versus angle

. . . . of incidence of linearly polarized light on the surface of the GaAlAs layer
ments ofB type due mainly to fluctuations in the properties ;,,—1 41 ev,T=300 K, samplet).

of the oxide layer and active region of the heterophotoele-
ment.

It can also be seen .f.ro.m Fig. 1 that th_e .spectral depe.n- Polarization photosensitivity is observed only for in-
de.nce Qf the photosensitivity does not exhibit marked 0sCiljined incidence of linearly polarized light on tf801) re-
lations in either type of heterophotoelemériSuch marked  cgiy e plane of the heterophotoelement. During the course of
oscillations usually accompany interference of the incidenthege studies we found out that while the trends of the pho-
radiation in high-quality thin layers. o _ toelectric processes are similar for both types of heteropho-

2. When a heterophotoelement was illuminated by lin-yejements in unpolarized liglEig. 1), in linearly polarized

early polarized light along the normal to the plane of thejignt the photoelectric phenomena depend explicitly on the
wideband layer, the photosensitivity of neither type of Struc'type of heterophotoelement.

tures possessed an explicit dependence on the orientation 0 Figure 2 shows typical curves féetype heterophotoele-
the light-wave electric field vectdE relative to the principal  aonts of the short-circuit photocurreifft, where the electric
crystallographic axes in the GaAs substrates, which correqqiq vectorE lies in the plane of incidencé®l) of the LPL
Iate_s with _the isotropic nature of the _optical processes iQE||PI) and the short-circuit photocurrei, where the elec-
cubic semiconductors and at once indicates the absence Qf¢ fie|q vectorE is perpendicular to the plane of incidence
substantial uniaxial deformations of the GaAlAs epltaX|aI(EJ_ PI), as functions of the angle of incidenee for fixed
layers. photon energy in the photosensitivity region of the struc-
tures. It can be seen that f@>0° the inequalityi”>i"
TABLE I. Photoelectric properties gi-type Ga 1Alo sAs heterophotoele-  takes hold, accompanied by substantial differences in the an-
ments afT =300 K. gular dependences of(0) andiS(®). Indeed, the photo-
currenti® at first grows, reaches a maximum neé=55°,
and then falls. At the same time, the photocuriérgxhibits

m

Sample fiwy, S, S1py Ahwp,

Type of HP  No. ev ev! ev ev Lys/lm MAMW . .
i 28 m a smooth falloff with growth o in the range from 0 to 90°.
A 1 140 190 145 1.40-1.68 0.65 80  Such behavior is as expected from an analysis of transmis-
g g i'jg gg cl)-ég 1-23‘1-22 8-22 ig sion ofs- andp-polarized light across the air—receiver plane
B 4 144 80 117 155-172 067 33 bouqdarggof the structure on the paS|s of the Fresnel
B 5 140 90 1.04 1.50-1.65 041 sg relations;” as was noted earlier in studies of the polarization

photosensitivity of Schottky barriet&!! According to these
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studies, the increase it is linked with the elimination of 50
reflection losses of thep-polarized light, whereas for

s-polarized light such an effect is absent. The induced pho-
topleochroism coefficient

Py ={(i"=i%)/(i"+i%)}x 100% 1)

for an A-type heterophotoelement, as can be seen from Fig. 2
(curves3 and3'), increases quadratically with growth of the
angle of incidence of the LPLP,~®2, in complete agree-
ment with Ref. 12. The above trends in the angular depen-
dence of the photocurrents and the induced photopleochro-
ism coefficient  are characteristic of A-type
heterophotoelements over the entire region of their photosen-
sitivity.

According to a theoretical treatment, the induced pho-
topleochroism is proportional to the refractive inderf the
medium onto which the LPL is incideft. Therefore, we can
estimate the refractive index for a wideband layer in an
A-type heterophotoelement from the valBge=56—58% at
®=80° on the basis of Ref. 12. We find=3.2 for fw
=1.40eV, in good agreement with the ellipsometric ddta.

In B-type structures equipped with a single anode-oxide
layer antireflection coating in the wavelength range
0.5-0.75um, the angular dependences of the photocurrents
and of P, turn out to be completely different in relation to
the case forA-type heterophotoelements. Typical examples
of such dependences are shown in Fig. 3 for several wave-
lengths in the photosensitivity region of such heterophotoele-
ments. The trends in these dependences are as follows.

The angular dependences of the photocurrents for both
polarizations of the incident LPL are similar and indicate
simultaneous elimination of reflection losses for bptands 0, deg.

polarizations, which is not in agreement with the results OfFIG. 3. Short-circuit photocurrents® — 1-3, i° — 1'-3') and induced

analysis 'Of the transmission of LPL across the bQUHery 06h0topleochroisnﬁ4—6) of an Ox/GaAlAs/GaAs heterophotoelement versus
two media based on the Fresnel relatiffigsrom Fig. 3 it angle of incidence of linearly polarized light on the surface of the anode

can also be seen that as the energy of the incident photonsgdyde — Ox.(Sample 4T=300K; fiv, eV: 1,1',4 — 1.41,2,2,5 —
varied, the angl® at which the maxima in the dependenceszm*?" 3,6—275.
iP(®) andiS(®) are reached also varies, as well as the
spacing between these curves at identical valuegs.@ince
the inequalityi®>i% is preserved over the entire photosensi-=50%. Note that the spectral dependenc®pin anA-type
tivity range of theB-type heterophotoelement, the induced heterophotoelement correlates with the nature of the analo-
photopleochroism remains positiv®,(>0), but its magni- gous dependence of for epitaxial layers of the solid solu-
tude, contrary to Ref. 12, begins to depend explicitly on thetion AlGaAs with similar atomic compositiof?, and esti-
photon energy. Therefore, it can be asserted that the singleaates of the refractive index from polarization
valued relatiorP,~n predicted by the theory is lo&.Such  photosensitivity measurements, based on the treatment in
behavior of the photopleochroism is a consequéhoin-  Ref. 12, agree with the experimental d&ta.
terference clearing, which was generally disregarded in the When we move over t@-type heterophotoelements, a
analysis in Ref. 12. characteristic “dip” arises on the spectral curv@s, inside
Figure 4 plots typical spectral curves Bf for A-type  of which the photopleochroism remains close to zero. This
(curve 1) and B-type (curves2 and 3) heterophotoelements. disappearance of the induced photopleochroism is linked, ac-
Let us turn our attention to the fundamental difference in thecording to Ref. 6, with the effect of clearing of the hetero-
nature of the spectral curves of the polarization photosensphotoelement surface by the anode-oxide single layer. It
tivity in these two types of heterophotoelements. should be emphasized that the spectral range in which the
In the case of heterophotoelements without an anodecriterion P, — 0 is satisfied coincides with that obtained from
oxide layer(A type) the induced photopleochroism®@&75°  measurements of the reflection coefficiel®—¢0) of the
in the long-wavelength spectral regiofl—2e\) varies same layers. Differences in the spectral range, where the
slightly within the limits 48—50%, then grows smoothly to minimum of P, is reached, along with differences in the
60%, remaining nearly constant at this level in the regionmagnitude ofP, in the region of this minimum for two dif-
2.8-3.4eV, and, finally, akw>3.5eV begins to fall to ferentB-type heterophotoelement&ig. 4, curves2 and 3)

if iS arb. units
P, %
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50

FIG. 4. Spectral dependence of the in-
duced photopleochroism of heterophoto-
elements(1-3) and the refractive index
= of Gay 4Aly 7As (4 — data from Ref. 1B
at T=300K (type of heterophotoele-
ment: 1 — GaAlAs/GaAs, sample 1;
2 — Ox/GaAlAs/GaAs, sample 43 —
Ox/GaAlAs/GaAs, sample)2

P, %

demonstrate the possibilities of polarization spectroscopy for  The authors are grateful to Prof. V. M. Andreev for sup-
diagnostics of the spectral contour and magnitude of theort of this work and for helpful discussions of the results.
clearing effect in prepared solar cells with a contact grid

deposited on their receiver plane. It can also be seen from

Fig. 4 that outside the clearing range the induced photopleo-

chroism increases, tending to the valuesPofcharacteristic  1zn | altérov, Fiz. Tekh. Poluprovodri1, 2072(1977 [Sov. Phys. Semi-
of heterophotoelements without an antireflection coating.  cond.11, 1216(1977)].

Thus, in the absence of an antireflection coating andZZh- I. Alférov, V. M. Andreev, E. L. Portnip and N. . _Protasov, Fiz.
without any changes in the fabrication of GaAlAs/GaAs het- Tlegkgé]'jompromd”'s’ 1824 (1969 [Sov. Phys. Semicond, 1103
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V. M. Andreev, A. B. Kazantsev, V. P. Khvostikov, E. V. Paleeva, V. D.

ized light with maximum azimuthal phOtos?ns'tl\”@I Rumyantsev, and M. Z. Shvarts, Proceedings of the First WCEPSEC
=0.1A/W-deg (T=300K, ®=75°) over the wide spectral  (Hawaii, USA, Dec. 5-9, 1994p. 2096.

range extending from 1 to 3.5 eV. On the other hand, we alsg’H. Hosegawa, K. E. Forward, and H. Hartnagel, J. Electron. iett.1

; (ot T (1975.
point out that polarization photosensitivity spectroscopy of 5v. Yu. Rud’ and Yu. V. Rud", Fiz. Tekh. Poluprovod@d, 309 (1997

solar cells equipped with an antireflection coatiegy., Ox/ [Semiconductors Semiconduct@$, 197 (1997].
GaAlAs/GaAs allows express nondestructive diagnostics of 7v. M. Botnaryuk, A. V. Koval', A. V. Simashkevich, V. A. Shcherban’,
the clearing effect in prepared solar cells, thereby affording E/ Yu. Rudd’, and Yu. V-( RU% Fiz. Tekh. Poluprovod81, 800 (1997
: ; ; : ot Semiconductor81, 677 (1997)].
an increase in the Ievel_ of perfecno_n of the fabrication pro 5G, S. LandsbergOptics[in Russiaf, Nauka, Moscow, 1976.
cess, and. also th.e ChOICe. of mater|a| _and .parameters of thék. Azzam and M. Bashar&llipsometry and Polarized LightNorth-
antireflection coatings, which is especially important for the Holland, Amsterdam, 1937
case of multilayer coatings. The high locality of the proposed 0? e *é?”T'gog’é?ig“g;'TtT’ae‘r’; Vv Rud and Pfégg]rg'”o"' Pisma Zh.
. . . . ekn. Fi1z.1o, ecn. ys. Lettls, .
photoelectric te?hmqu‘,édlameter O_f the |Ight. probe about 113, G. Konnikov, D. Melebaev, V. Yu. Rud’, and L. M. Fedorov, Pis'ma
0.2mm makes it possible to monitor the uniformity of the  zn Tekn. Fiz.18, 11 (1992 [Tech. Phys. Lett18, 16 (1992].
clearing effect over the entire photodetector surface of thé*G. A. Medvedkin and Yu. V. Rud’, Phys. Status Solidi6&, 333(1982).
. . 1.
solar cell in the presence of a contact grid and regardless o?g(-) '; A755F:1nissaé& M. Kelso, R. A. Logan, and R. Bhat, J. Appl. Phys.
the structure of the surface of the frontal layer of the photo- (2), 754(1989.
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Increasing the power of broad-waveguide lasers by additional selection of transverse
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A new method is proposed for transverse mode selection in high-power, broad-waveguide,
separate-confinement, heterostructure quantum-well lasers by orienting the front mirror at an angle
other than normal to the direction of radiation propagation. The dependence of the mode
reflection coefficients on the laser mirror parameters is investigated. Optimal values are found for
the mirror inclination angles and the thicknesses and refractive indices of the dielectric

coating at which the fundamental guide mode dominates. The possibility of a 1.2-fold increase in
the output power of a broad-waveguide, separate-confinement, heterostructure quantum-well
diode laser is demonstrated. ®99 American Institute of Physids$1063-782609)02706-4

INTRODUCTION hanced radiative power achieved by inclining the front mir-
ror of the laser.

Recent progress in the fabrication of high-power injec-  We have investigated the effect of the inclination angle
tion lasers has been tied to an increase in the width of then the magnitude of the losses due to radiation extraction for
waveguide in quantum-well bilateral-heterostructure separatthe zeroth and second modes. We base our treatment on the
confinement(QW-BHS-SG lasers and the fabrication of fact that modes of different order have different angles of
QW-BHS-SC lasers with a broad wavegui@WV-SCH-QW  incidence on the cavity mirror and consequently have differ-
lasers.>? Increasing the width of the waveguide leads to aent losses to radiation extraction. Therefore, varying the
reduction of internal losses in the laser, which makes it posangle of incidence of the mode on the mirror can lead to a
sible to fabricate long-cavity lasers, and to increase thé&hange in the ratio of losses to radiation extraction for dif-
power of catastrophic mirror damage as a result of a decread@rent modes, and consequently to mode selection.
in the power density at the mirrd#: This has made it pos- In this paper we theoretigally investigate the dependgnce
sible to obtain record radiative power levels in the quasicon®f the output losses for various laser modes on the mirror
tinuous regime(14.3W) in broad-waveguide lasetsHow- ~ Parameters.

ever, a further increase in the width of the waveguide with e investigate in detail the reflection of modds from
the aim of increasing the limiting power of single-modethe front mirror, obtained by shearin@) from a mirror with

emission is bounded by the width of the waveguide for dielectric coating; and3) from the inclined front cavity

which generation of the second transverse mode is observe irror. We show that mode losses upon reflection depend on

Obviously, this is accompanied by a decrease in the differz e thickness of the dielectric coating, the inclination angle

. - - of the front mirror, and the index of refraction of the dielec-
ential quantum efficiency and total efficiency of the laser. tric coating
The literature describes a means for suppressing higher- We obtain optimal values of the inclination angle of the

order modes by clearing the front mirror of the laSérhas front mirror and the thickness and refractive index of the

been experimentally shown that the mode makeup of t_h%ielectric coating for which the fundamental mode domi-

laser emission is affected by the thickness and refractive iNates. We demonstrate the possibility of an increase in the

dex of the antireflection coating. In this case, suppression qri/idth of the waveguide afforded by optimization of the cav-

the second mode is that much stronger the better the o, 5 o meters, which in turn makes it possible to increase
mirror is cleared. However, such a selection method due tg,, power of single-mode emission.

the clearing has a natural limitation associated with growth
of the threshold current density of the laser.

_ We propose a fu_ndamentally new means of SUPPressing peci EcTION FROM A COATED MIRROR
higher-order modes in an expanded waveguide. This method
consists in orienting the output mirror at some angle- We consider an ordinary semiconductor laser with a
stead of perpendicular to the direction of propagatisee three-layer symmetric planar dielectric waveguide. The mir-
Fig. 1. Such a configuration of the mirrors can be easilyror of such a laser is the face perpendicular tozlagis. We
achieved by shearing a laser structure grown ¢@0d) vici- assume the dielectric constant of the regions to be constant
nal substrate. for each layer, and we consider heterostructures in which the

Our goal in this study was to theoretically investigate thejlump in the refractive inden is large enough that the imagi-

possibility of fabricating a single-mode stripe laser with en-nary part of the complex refractive indé&k=n—ik may be

1063-7826/99/33(6)/7/$15.00 693 © 1999 American Institute of Physics
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FIG. 1. Diagram of a BW-SCH-QW laser with inclined mirror.

ignored ( is the extinction coefficieit Note that within the

framework of our model it is also possible to take into ac-

count the extinction coefficient.
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L‘ E™(x)explik,xx)dx
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+ > Cnf E{™ (x)explik,,xX)dx
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whereky,= w/c, w is the angular frequency of the radiation,

c is the speed of light, ankl,; are the propagation constants
of modes of orders in the z direction, which are found
numerically by solving the transcendental dispersion

To find the reflection coefficients, we employed a g|ations’

method expounded in Ref. 6. We assume that the mode of

ordermis incident upon the= 0 plane. The amplitude of its
electric field isE{™, and of its magnetic field is{™ . The
reflected wave is the sum of the total sef\of- 1 waveguide
modes and emitted wav&$ We obtain boundary conditions
on the TE mode of ordem incident upon thez=0 plane,
from the condition of continuity of the tangential compo-
nents of the electric and magnetic fields at the dielectric
vacuum interfaceZ=0):

N
E§m>+n20 an§“>+JO CpEi,’J)dp:fiwCUEy)dkvx, (1)

N
HM 4> an§”>+f C,,Hﬁ”)dp:f C,HYdk,. (2
n=0 0 -

Here E{" is the amplitude of the electric field for the mode
of ordern (Ref. 7; E/) is the amplitude of the electric field
for the emitted wavesE!")=exp(=ik,X); C, is the ampli-
tude reflection coefficient for the mode of order n
=0,1...N; C, is the coefficient for the emitted waves,

is the propagation constant of the wave in vacuum inxhe

direction, which is related to the propagation constant in the

z direction by the relatiok?, =k3—k?,, —o<k,,<=; and
p is the propagation constant of the emitted waves inxhe
direction.

EliminatingC, from system(1)—(2), we obtain a system
of equations in the amplitude reflection coeffici€y,, the

ith equation of whichi(=0,1...N) has the form

Determining the amplitude reflection coefficient for the
mode of ordem, C,,, from system(3), we find the intensity
reflection coefficient

Rm=|Cml?. (4)

Let us consider reflection of the mode of oraefrom a
mirror with a coating whose refractive index is equahtg
where the thickness of the dielectric coating is equal The
field in the coating consists of the refracted wave, whose
amplitude isCt,,, and the wave reflected from the air—
vacuum boundary, with amplitudg,, -

The propagation constants of the wave in the layer in the
x and z directions are interrelated as followk?,=n2k3
—k2,. The boundary conditions in the=0 plane are written
as follows:

N
(m) () (p)
E{ +HZO CqEJ +f0 C,E{dp

_ f_thCOUEty’C"”dkCXJr f | ClaEydky, O
N o)
HQMEO CHO+ fo C,HYdp
- [ etk [ itk ©

We multiply Eq.(5) by expk;,x) and Eq.(6) by E{(x),
wherei can take the values=0,1 .. .N, and integrate irx
within the limits —oo<x<<co. Simplifying the equations, we
obtain a system of equations in which, in additiong the

quantitiesCt,, andC},, are also unknown
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fﬁng,m)(x)exp(ikcxx)dx
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0 J—-» = _
" +f f C,EP (x)explike,x)dxdp | x K
. 0 —
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(8)

\/k2 2_k2 \/k2_k2 .
0 X exp{—2i Vk2nZ— K21}

\/kon - x+ \/kg_kgx

k2n2—kZ2,— Vk3— k2 '
J oNe —Ko— VKo~ Ky exp{ — 2i VkZnZ— K2 ]}

\/kon - x+ \/ktz)_kgx
(13

On the other hand, the boundary conditions for the tan-
gential components of the electric and magnetic fields foK =
reflection of the wave from the coating—vacuum boundary
have the form

The factorK corresponds to reflection from the coating.
Indeed, if the layer thickness is equal to zero, then system
(12) reduces to the system derived above for the mirror with-
out a coating(3) sinceK in this case iK=k,,/k.,. Simi-
larly, if n=1, thenk.,=k,, and K=1, which also corre-
sponds to systernB).

J7 c0u( CX)EX[X |kcxx_ikcz|)dkcx
+J7 COU( CX)EXQ Ikcxx'*_ikczl)dkcx

- [ cutkoenp-ikxik k. ©

o k 2. DEPENDENCE OF THE REFLECTION COEFFICIENT ON
fﬁwcgm(kcx)exp(ikcxx— iked )( - k_coz) dkex THE MIRROR INCLINATION ANGLE
Let us consider the laser shown in Fig. 1. The front
mirror in it is not oriented perpendicular to the light propa-
gation direction, but at an angle to it. We denote the angle
between the normal to the active layer and the end-facg by
The waveguide mode is incident on this mirror at an angle
that differs from the angle of incidence of the mode in a laser
(10 with an ordinary mirror by the anglé. To analyze the re-
flection coefficient for the mirror, we rotate the system of
coordinates in th&z plane about thg axis by the angl®, as
shown in Fig. 1. Then, expressing the old coordinatesd
zin terms of the new coordinates andz’, we have

+f Ceon(Kex)eXp(— IkxX+lkcz|)( )dkcx

) kv
=f cv(kvx>exn—ikvxx—ikyzl>(—k—z)dkvx,
0

where C, is the amplitude of the transmitted wave in
vacuum. Solving systert9)—(10), we obtain an equation that

links C.,, andC",,
z=27' cosf+x’ sin 6,
—k x=—2' sin 6+x’ cosé. (14)
Choy(kon) = Cl (Koo~ 2ikd) kL @
The expressions for the electric field amplitudes for the
Employing Eq.(11), we eliminateC},, andC{,, from  TE modes atz’=0 are replaced in a laser with inclined

system(7)—(8). Finally, the system of equations for finding mirror by the following expressions:
the reflection coefficient for the coated mirror takes the form  For the evenlT E modes
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"= X 1 1
Ey(x")=A¢ cos(k,x cos ) Q== In —,
2L Ry
; wherelL is the length of the waveguide.
For the generation to take place in the laser, it is neces-

(19

N

xexp{—ik,x' sin 8}, |x'| cosf<

Ey(x")=A cos(k,d/2) sary that the gain exceed the losses. The threshold condition
d for generation for the waveguide mode of orderhas the
X exp[ - ‘y( x'| cos - 5) ] form
amzrmg:ai+arlm+ar2m’ (20)

N

xexp{—ik,x" sin 6}, |x'| cos 6= (15  whereT,, is the optical confinement coefficiett for the

mode of ordem; g is the gain coefficient in the active me-
For the oddTE modes: dium; g, is the modal gain coefficient’,, anda?,, are the
E,(X')=Ag sin (k' cos 6) losses of the waveguide mode upon reflection from the mir-
rors, defined by expressiofl9); and «; are the internal
losses in the waveguide.
For selection of the fundamental mode it is necessary

that the threshold condition for the fundamental moag (

d
xexp{—ikx' sin 6}, |x'| cos f=<z;

|x']

E, (x')=Ao— sin (k,d/2) =Fog>ai+arlo+ arzo) be satisfied for some pump current
x' and that it not be satisfied for the mode of order @ (
d =T,g<a;+a,+a%). It follows from Eq.(20) that the se-
Xexp[ - 7( x'| cos6— E)] lection condition for the fundamental mode has the form
q (7ol 2=l o) + (@bl — afl')<O0. (21)
xexp{—ikzx' sin 6}, |x'| cos 6= 5. (16)  Assuming that the reflection coefficients for the back mirror

. are close to unity for all the modes, we considered only

‘We replace the old coordinatesandz by the new co-  reflection from the front mirror. Then the selection condition
ordinatesx’ andz’ (14) in system of equationgl2) and in  for the fundamental mode takes the form
the expressions for the electric field amplitudgs for the L 1
TE moded (x=x'cosf—z'sing, z=x'sinf—z'coss). In Aa'=apl'o— arol’2>0. (22)
what follows, it is convenient to introduce the notation we introduce the dimensionless discrimination coefficient
x'cosf=x, z' =z. Then the obtained system of equations forfor the fundamental mode Aa=Aa’L=In 1R, T
finding the reflection coefficients for the inclined mirror — |n 1/R,T',. The difference in the threshold current densi-
takes the form of syster(l2), and the expressions entering ties for the fundamental and second modes increases with

into it for the amplitudesE, of the TE modes have the fol- increasing value oA« for the front mirror of the waveguide.
lowing dependence on the angidor the evenT E modes:

. d 4. RESULTS AND DISCUSSION
Ey(x)=A, cos(kx)exp —ik,x tan 6}, |x|<3; _
2 Calculations were performed for a GaAsx&k, _,As
d) ] BW-SCH-QW laser with waveguide and emitter refractive

Ey(X)=A¢ cos(kxd/Z)expl’ - y(

X — = indices n;=3.404 andn,=3.080, which corresponds to

2 compositionsx=0.27 andx= 0.8, respectively, thickness of

d active medium d=0.01um and radiation wavelength
xexp{—ikx tan 6}, |x|= 3. (17)  A=0.86um; in this case the width of the waveguide was

varied within the limitsD=0.6—0.8um. In a waveguide
For the oddT E modes: with these parameters there are only three waveguide modes:
d the fundamental mode, and the first- and second-order
Ey(x)=Ag sin (kyx)exp{—ikx tan 6}, |x|< > modes. To find the reflection coefficients for the modes from
the front mirror, we solved systed2) numerically.
d In an ordinary laser with a wide waveguidé=0°) the
- §)J emitted modes make only a small contribution to the re-
flected wave. Obviously, in a cavity with an inclined mirror
(Fig. 1) the contribution of the emitted modes depends on the
angle 6. Following the method described in Ref. 7, we esti-
mated the mode losses to emission as a function of the incli-
nation angle of the front mirro®. As the angleé is in-
creased, the mode losses to emission grow, but reach 10%
The reduced losses of the waveguide mode for reflectioonly at =17°. For small mirror inclination angle#<8° the
from the end-face are defined by the expression fraction of emitted modes in the reflected wave is small

X

X
E,(x)=Ag % sin (kxd/2)exp{ -y

. (19

N

xXexp{ —ik,x tan 6}, |x|=

3. SELECTION CONDITION FOR THE FUNDAMENTAL MODE
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) . . FIG. 3. Dimensionless discrimination coefficient of the fundamental mode
FIG. 2. Reflection coefficierR,, and the quantity In B, [see Eq(19)] for Aa=Aca'L [see Eq.(22)] plotted as a function of the mirror inclination

the fundamental moden(=0) and the second-order mode£2) as func-  angle for several values of the refractive index of the insulating coating
tions of the facet inclination angle.

absence of a coating the discrimination coefficidat de-
(<3%). Therefore, in our calculatiorjsn the solution of sys- pends only weakly on the inclination angleand the selec-
tem (12)] we have ignored the emitted modes. tion condition for the fundamental mod22) is satisfied for
Note that we did not make use of the behavior of thed=7.5°. However, in the presence of a coating with thick-
first-order mode as a function of the waveguide parametersess|=0.22\/n, and refractive index.=2.0 the depen-
and the parameters of the dielectric coating of the front mirdence of the coefficiemha on the inclination angle is non-
ror since the optical confinement coefficidny, for the odd  monotonic, and\« grows steeply in the angle interval 49
modes is substantially less than for the even modes. We alsa7°; condition(22) is satisfied forf=4.5°. With increase of
ignored the effect of mutual transformation of the fundamen-¢ for coating thicknesd =0.22\/n. and refractive index
tal and second mode during reflection Bp,. n.=2.4 Aa increases and becomes positive already at
Figure 2 plots the dependence of the power reflectiord=3.5°, which cannot be attained without the use of a coat-
coefficient on the mirror inclination angle for the zeroth- ing.
order Ry and second-ordelR, mode. The reflection coeffi- The dependences obtained by us indicate that both the
cient for the fundamental mode increases withwhile the  presence of a dielectric antireflection coating and increasing
reflection coefficient for the second-order mode decreaseshe inclination angle of the front mirror lead to an improve-
The dependence of the reflection coefficients on the inclinament in selection of the fundamental mode.
tion angle of the front mirrow can be explained as follows. Clearly, the above-described means of fundamental
It is well known that the reflection coefficient depends on themode selection in the range of mirror inclination angles 4°
angle of incidence at the reflecting surface, and the higher<0<8° should provide new possibilities for increasing the
order modes in the zigzag wave model propagate in a wavewidth of the waveguide.
guide at larger angles to the plane of the waveguide in com-  Figure 4 plots the regions of maximum positive values
parison with the fundamental mode. It can thus be concludedf Aa as functions of two parameters: the coating refractive
that the reflection coefficients for the inclined mirror have aindex n. and the coating thicknest for a laser with
different dependence ofifor the fundamental mode and for D=0.8um and 6=6°. Such diagrams allow one to find op-
the higher-order modes. timal values for the thickness and refractive index of the
Figure 2 also plots the dependence of the quantitydielectric coating. The optimal values for the given laser are
In 1/R,, that enters into the mode selection conditi@d) on  n.>2.1 andl=0.22\/n..
the inclination angled for the fundamental mode and the Figure 5 plots the dependence ®& on the inclination
second-order mode. Reflection losses for the fundamentaingle # for various widths of the waveguideD (I
mode are maximum fof=0 and decrease with growth ¢f =0.22\/n., n,=2.0, A=0.86um). For example, for a
It is obvious that by increasing it is possible to decrease waveguide of widthD=0.8um the quantityAa attains
losses of the fundamental mode and increase losses of ti@rger values for the front-mirror inclination angle=6° than
second mode and, consequently, facilitate generation of thia a waveguide of widtlb =0.7 um for §=0°. It is therefore
fundamental mode. legitimate to speak of fundamental mode selection in a laser
Figure 3 plots the dependence of the dimensionlessvith waveguide widthD =0.8 um attained by inclining the
mode discrimination coefficierfa on the angled for lasers  front mirror. By the right choice of the thickne$sand re-
with a coating (=~ \/4n. and without a coatingl&0). Inthe  fractive indexn; of the coating, one can expand the wave-
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Aa=Aca'L [see Eq(22)] plotted as a function of the waveguide width

. . . L (um) for two values of the mirror inclination angle
FIG. 4. Regions of values of the dimensionless mode discrimination coef-

ficient Aa=Aca’L [see Eq.22)] versus the refractive index and width of

the coating on the front mirror of the laseéd £0.8 um). . . .
tion coefficient for the fundamental mode fat=0° is

Ro=6%, and for6=7° Ry=12%, which makes it possible
to significantly lower the threshold current density for the
fundamental mode.
Our calculations show that thanks to inclining the mirror

I?f a laser similar in design to the laser investigated in Ref. 5,
it is possible to increase the reflection coefficient from
Ry=0.02 to Ry=0.07 while preserving the discrimination
coefficientAa of the second mode, which makes it possible
to decrease the length of the laser diode by roughly a factor
of 1.5. Clearly, decreasing the length and consequently the
frea of the laser diode will lead to an increase in the yield of
serviceable lasers and to an increase in the total number of

guide and yet obtain the same valueAaf as for a laser with

a narrower waveguide but without an inclined mirror. Thus,
inclining the front mirror facilitates selection of the funda-
mental mode by compensating for the increase in the widt
of the waveguide.

Figure 6 plots the dependence d& on the waveguide
width D for 6=0° and 6=7°. Because of the inclination of
the front mirror f,=2.0,1=0.22/n;,) the value ofA« for
a laser with a wide waveguideD(=0.65um) and 6=0° is
equal to its value for the same laser but with an incline
mirror D=0.8um and=7°, which obviously makes it pos- . L
sible to lower the power density on the mirror by a factor ofIasers that can be obtained from an epitaxial wafer.

1.2. We may add here that for the chosen coating the reflec- . Anther |mport.a_n.t result of the.appllcatlc.)n of |n_cI|ned
mirrors is the possibility of a further increase in the width of

the waveguide in high-power lasers while preserving the
single-mode lasing regime. Obviously, increasing the area of

08 the emitting region substantiallypearly linearly in our cage
' lowers the power density on the mirror. At the same time,

3 increasing the linear dimensions of the emitting region nar-
< 0.6 rows the far-field of the laser, which is governed by the
=l diffraction limit.
% Among the additional advantages of using a laser with
% 0.4 inclined mirrors, we point out that the outgoing light propa-
8 gates at an angle to the plane of the layers and leaves at a
5 02 larger angle to the heat sink than in lasers with ordinary
B coatings, and this in turn facilitates the mounting of such
£ lasers on the heat sink.
E 00
O
a CONCLUSIONS

-0.2 e St

0° 2° 4 & 8 10° 12° 14° We have proposed a new means of additional selection

=TT of transverse modes in separate-confinement, bilateral het-
Mirror inclination angle, 6 erostructure, quantum-well lasers which works by inclining

FIG. 5. Dimensionless discrimination coefficient of the fundamental modethe front mlrror_ and aI.Iows a Slgr_"flcam mcr?ase in the width

Aa=Aa’L [see Eq.(22)] plotted as a function of the mirror inclination of the waveguide while preserving generation of the funda-

angle for several values of the waveguide thickrn@sg:m). mental transverse mode.
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In this work we have considered a laser with thickness ofasers by a factor of 1.2. We have proposed a suitable
the active medium such that selection of the fundamentamethod for obtaining inclined mirrors in BW SCH QW la-
waveguide mode is controlled only by its losses upon reflecsers by cleaving structures grown @01) vicinal surfaces.
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Gain and internal losses in INGaAsSb/INAsSbP double-heterostructure lasers

M. Aidaraliev, N. V. Zotova, S. A. Karandashev, B. A. Matveev, M. A. RemennyfT,
N. M. Stus’, and G. N. Talalakin

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia
(Submitted October 30, 1998; accepted for publication November 5,)1998
Fiz. Tekh. Poluprovodr33, 759-763(June 1999

We report on a study characterizing internal losses and the gain in InGaAsSb/InAsSbP diode-
heterostructure lasers emitting in the mid-infraf8e-4 wm). Numerical simulations of

the current dependence of the intensity of spontaneous emission above the laser threshold and of
the differential quantum efficiency allowed us to determine the intraband absokgtion

~5.6x 10 ®cn?. The cavity-length dependence of the threshold current is used to estimate the
internal losses at zero injection curran~5 cm 1. Calculations of the internal losses at

laser threshold showed that they increase more than fourfold when the cavity length is decreased
from 500um to 100um. The temperature dependence of the differential quantum efficiency

is explained on the assumption that intraband absorption with hole transitions into a split-off band
occurs. It is shown that the maximum operating temperature of “short-cavity” lasers is
determined by the intraband absorption rather than by Auger recombination. The internal losses
are shown to have a linear current dependence. The separation of the quasi-Fermi levels

as a function of current demonstrates an absence of voltage saturationpoef th@inction above
threshold. ©1999 American Institute of PhysifS1063-78209)02806-9

1. INTRODUCTION sorption and internal losses at threshold and obtain the spec-
tral dependence of the gain. We show that intraband absorp-

At present, injection lasers are in wide use intion leads to a number of peculiarities of the laser

spectroscopy,in atmospheric pollution monitoring, and in characteristics.

fiber-optic transmission linés. The wavelength range

3—4 um subtends the absorption bands of many industriaf+ ©BJECTS OF STUDY AND EXPERIMENTAL PROCEDURE

and natural gases, the most interesting of which are methane Double heterostructures, consisting of an undoped

CH, and formaldehyde 5CO. In view of this circumstance, N-INAs (11DA substrate if=1—2X10"°cm™®) and three

to advance the state of the art of spectroscopy in this spectr@pitaxial layers, were grown by liquid-phase epitaxy: a wide-

range, studies of loss mechanisms are needed to guide thand cladding layer adjacent to the substrate, consisting of

development of low-threshold diode lasers, in particular, lan-INAS;—x—ySBPy (0.05x=<0.09, 0.0%<y=<0.18), the ac-

sers based on InAs and solid solutions similar to it in comive layer of the laser, consisting of-In,_,Gg,As; _,Sh,

position. (v=0.07, w=0.07), and a wideband contact layer/emitter,
One peculiarity of the band structure of InAs and solidconsisting  of p-(Zn)-InAs, _,_,ShP, (0.05<x=<0.09,

solutions similar to it in composition is similarity of the val- 0-09<y=<0.18). The thicknesses of the wideband layers

ues of the band gaf, and spin-orbit spliting energph. ~ ranged from 4 to @um, and of the active layed, from 1to

Therefore, the generated radiation undergoes strong absorfp#M- The lasers had a deep mesa-stripe design with stripe

tion by holes which are excited into the spin-detached band/idthsw=10 and 2Qum.

In Ref. 3 a microscopic analysis was carried out for the  Electroluminescence spectra and current—power charac-

above-mentioned intraband absorptid), where it was teristics were measured in the temperature rangelBD K

shown that intraband absorption can be comparable with théSing a technique described earlier in Ref. 5.
gain for interband transitions from the conduction band to The gain spectra were obtained by processing the spon-

the valence band, and peculiarities in the temperature depef2N€0US emission spectra using values of the laser wave-

dence of the differential quantum efficiencies were predicted®Ndth and intemnal losses at laser thresHSldNet” gain

The internal losses in type-ll lasers based on InAs/GashiPectra were obtained from the relation between the maxima

InGaSb/GaSh superlatticés=3.02um) were measured in and minima of the Fabry—Perot resonances in the spontane-

Ref. 4. It was shown there that the internal losses increas®US emission spectfa.

rapidly with increasing temperature and limit the operations. EXPERIMENTAL RESULTS AND DISCUSSION
of the laser at high temperatures more strongly than Auger
recombination or device heating. A

In this study we continue the investigation begun The current—power characteristics of the lasers were
earlieP® on mesa-stripe lasers based on InGaAsSbh/InAsSbBublinear(Fig. 1). We associated the decrease in the differ-
double heterostructuré®HS) emitting in the spectral range ential quantum efficiencyyy with the increase in the internal
3.0—-3.6um. We experimentally estimate the intraband ab-lossesq; :

. Internal losses and differential quantum efficiency

1063-7826/99/33(6)/4/$15.00 700 © 1999 American Institute of Physics
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FIG. 1. Current dependence of the total intensity of spontan@agsand
laserP 55 emission =77 K, L=300um); the inset plots the differential
quantum efficiency as a function of the current.

d(l/’l]d)_ L dai
di I (1R) dl’

wherelL is the cavity lengthR is the reflection coefficient,
and 7 is the internal quantum yiel@;=0.75, Ref. 10,

ai:F(ao+ a,:c-‘r koN)"F(l_F)ac,

wherea are the “intrinsic” losseglosses in the active re-
gion in the absence of injectipnarc is absorption on free
carriers @gc~1—2 cm 1, Ref. 11, kg is the intraband ab-
sorption coefficientN is the injection carrier density; is the
optical confinement parametéF=0.6), and «, is the ab-
sorption in the cladding layersx(~ «p). As the current in-
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FIG. 2. Threshold current density versus inverse cavity lef@thspectral-
threshold characteristih) (T=77 K).

The low value ofaq reflects the structural perfection of the
quaternary solid solution InGaAsSb, well matched with the
substraté?

creases beyond the laser threshold, the intensity of spontane- With decreasing cavity length, the increase in the thresh-

ous emissionPgp was found to increase with simultaneous

decrease ofy4 (Fig. 1). This increase is approximated by the
dependend@

dPsp__ Psellyn) dN
dl % Ny dI’

old carrier density as a result of the increase in the output
losses leads to an increase in the intraband absorption and to
a steeper dependence &f(1/L) than in the absence of in-
traband absorption. For lasers with=2100, 200, 300, and
500um andT=77 K, Table | lists threshold current densities
Jin; threshold currentsy,, threshold carrier densities calcu-

where Psi(ly,) is the intensity of spontaneous emission at|ated using the relatioN,=Jyr/ed (7=108s); the inter-

laser threshold, andly, is the threshold concentratiomNg,
=2x10"cm 3). Using the relation
1 dai 1 dO{i dl

Ko=F aN =T dI dN’

nal losses at laser threshdldyN;, due to intraband absorp-
tion; the internal losses at laser threshaf8l; the differential
quantum efficiencies, calculated in accordance with and

the increase in the internal losses above the laser threshold
for the current above the laser threshold bly=10 mA. As

we obtain a value for the intraband absorption coefficientcan be seen, the intraband absorption increases with increas-
ko~5.6x 10 *®cn?. The latter exceeds by more than an or-ing carrier density, and fok=100xm is comparable with
der of magnitude the value for lasers with an InGaAsP activeéhe gain attained in semiconductor lasers. This explains the

region(A=1.55um) (Ref. 12, in which resonance d, and
A is absent.

The magnitude of the intrinsic losseg was determined
from the dependence of the threshold current derjtypn
the inverse cavity length IL/(Fig. 23 (Ref. 13:

3 _Jod d 1 | 1

oy g\ LRS!

where Jy is the nominal current density at the “inversion
threshold,” d is the thickness of the active region, agds
the differential gain. We obtained the valug~5 cm 1.

similarity in the values ofy in lasers with different, where

TABLE I.
L, Jins lth s Nin I'koN, aith, AailomAr
um  Alcm®> mA  om® cm ' emt gy cm?
100 750 15 5¢ 10V 169 174 0.3 45
200 360 14 2.x10Y 81 86  0.31 23
300 235 14 1.&107 54 59 0.3 15
500 172 17 1.x10Y 37 42 027 9
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FIG. 3. Temperature dependence of the differential quantum efficiency of . 200
lasers with cavity lengthk =125, 200, and 30@m. 200
I 150
150
an increase in the losses due to intraband absorption with _ -
decreasing cavity length exceeds the increase in the output ' 1907
losses with decreasing. The obtained values of; (L :B 50
=300.m) turned out to be similar to values given for lasers .
based on the double heterostructure InAsSbP/INAsSb/ 0
INASSbP, studied in the same spectral range =80 50 ]
—130cm'}) (Ref. 15. The experimental values of the dif- I | “seee® )

ferential quantum efficiency7fy=7—15%) are 2-3 times 2950 3000 3050 3100 3150
lower than those shown in the table. This is apparently due to
the exaggerated value of the internal quantum yiéid
=0.75 used in the calculation. FIG. 4. Spontaneous emission spec¢aaand gain spectréb) for currents,
Figure 2b shows the spectral—threshold characteristi@” 'L — 74,12 — 80,13 — 88,14 — 104,15 — 146; the inset plots the
. . . .. current dependence of the total loss&s=@0 K).
obtained from measurements of homotypic lasers with dif-
ferent cavity lengths. With growth of the threshold current
density, the gain spectrum shifts toward shorter wavelengths, o )
as is reflected in a shift of the laser line. The relatively largdf@Cets, can deform with increasing current because of the
gain, with its shape approaching a Gaussian centered on the
maximum of the gain line; therefore, in our analysis of the
data we fitted the spectra on segments far removed from the
elr . . " ;
aser line. In the laser regime the condition of equality of the
”gain and the total loss&s= «; + «, is satisfied. With growth

fereE'ln%lfreugnstzfnwsﬁtizsergimg?lr:;l;zrri 3v?t?1ir11d285nczeogf ;:Z d of the current from 85 to 150 mA, the spectral maximum of
q Y ' ' the gain was found to increase from 110 to 210 ¢nrwhich,

300um. Raising the temperature causes the internal quantum, . 1 .
VR 9 pera . quan taking a,~40cm ! into account, gives the result that
yield to decrease due to an increase in the Auger recombina-

. o . . increases from 70 to 170 crh. The growth ofa; with cur-
tion rate, which is reflected in the segments of apprOX|mateI¥em and, correspondingly, with minority carrier dengisge
identical slope ofyy4(T) for lasers with different values @f. . P gy, y g

X ) ) . ... inse) is linear, consistent with the conclusion that intraband
A further increase in the temperature gives rise to a situation

in which, with decreasing cavity lengthy, falls off steeply, %Zssc;rsptlon is responsible for the increase in the internal
indicating that in this temperature region the slopeygfT) : . . :
: . . . N In the calculation of the gain spectra we obtained a value
is determined by the increase in internal losses. It is likely, . : .
N : for the separation of the Fermi quasilevelSK) equal to

that atT=120- 130K the photon energliv is close to the

. . i~ . .~ AF=381meV at the laser threshold for the laser photon en-
spin—orbit splitting energy, and that intraband absorption

is maximum. As a consequence of temperature narrowing OErgy hv=373meV and voltage drop across the structure
the band gap aT>130K, the photon energliv becomes =546 mV. As the current is increased from 85 to 150 mA,

less than), intraband absorption saturates, and an inﬂectior;[he separation of the Fermi quasilevels increases to

point appears. In this case, the sloperg{T) is determined AF=386meV.

by Auger recombination and above-barrier leakage currents Figure 5 plots net gain spgctl(a), the current eren—
dence of the spectral gain maximum and of the gain itself at

different wave numbergb), obtained from the relation be-

tween the maxima and minima of the Fabry—Perot reso-
Figure 4 plots spontaneous emission spe@rand gain nances. The net gain spectra were obtained for currents

spectra(b) obtained from therf® (T=80K, L=300um). | =140-220mA (4,=192mA,T'=0.6, a,=44cm ). For

The spontaneous emission spectrum, i.e., the spectrum of thesI, the current dependence of the gain at fixed wave num-

spontaneous emission leaving the cavity through the mirrober and of the wave number of the maximum gain is nearly

-1
Wave number, cm

range over which the laser wave number varieSy (
~100cm 1) is apparently due to the fact that lasing takes
place between states in the tails of the bands, where th
densities are relatively small.

B. Gain
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50 nal losses, decreases the refractive index of the active region
L a 192mA (1,) and can thus Igad toa large current retuning of the laser
- o wavelength. This question goes beyond the scope of the
§ - present paper and will be discussed in a separate paper.
= =50
2
a0 ool 168 mA 4. CONCLUSIONS
153 mA .
g /_\ In summary, we have shown that the main loss mecha-
-150 '33'00- — -33‘50' — '34'00 nism in InGaAsSb/InAs_SbP—based Iaser; that emit in. the
Wave number. cm”’ spgctral range 34 um |s.|ntrab_and gbsorpnon b_y holes with
’ their transition to the spin-orbit-split band. The intraband ab-
- sorption coefficientkg~5.6x 10 ®cn? turned out to be
g 3345 b o/’/k’._ 50 more than an order of magnitude larger than the published
o I -—/,,.-—o-—o ] values for InGaAsRA=1.55um), which is due to the close-
3 ./’/_. 3340 cm™ 0 TE ness of the band-gap energy and the spin—orbit splitting en-
g 3340 Py L 51 ergy in solid solutions based on InAs. At the same time, the
e I ./’ ./' 3380cm _ 150 & internal losses in the absence of injection amounteddo
% o /0/ ,r:!:f':/‘ zZ ~5cm 1, which is evidence of a high level of crystalline
3 33351 e / 3300 cm” | -100 ®0 perfection of the fabricated structures. In short-cavity lasers
% A 7/_. o 1 150 the internal losses at threshold become comparable with the
b 3330 v . gain attained in semiconductor lasers; therefore, the maxi-
o A 0.16 018 0.20 0.22 mum working temperature is governed by intraband absorp-
I,A tion rather than by Auger recombination.
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PERSONALIA

In Memory of Vadim Fedorovich Masterov
Fiz. Tekh. Poluprovodr33, 764—765(June 1999
[S1063-782629)02906-3

On January 28, 1999 Professor Vadim Fedorovich Mas-
terov, distinguished scientist in the field of solid state phys-
ics, chairman of the experimental physics department o
St. Petersburg State Technical University and doctor o
physical and mathematical sciences, passed away unexpe
edly at the age of 58.

Vadim Fedorovich was born December 17, 1941 in the
city of Arkhangelsk. In 1959 after completing secondary
school, he entered Leningrad Polytechnical Instit{iBl).
From that time on without interruption, his entire life was
connected with LPI, which was later renamed St. Petersbur
State Technical Universit4gSPbSTU. First, he was admitted
into the department of mechanics and machine building an
later, because of his great interest in physics, he transferre
to the department of physics and mechanics. After gradua
ing from the institute in 1964 with specialization in metal
physics and metallurgy, he was admitted into the departmer
of physics and mechanics of LPI to pursue work inexperi-
mental physics. There he consecutively undertook the dutie
of a junior scientist(1965—-1966, senior engineef1966—
1979, senior scientist and deputy chairman of the depart
ment in charge of scientific work1975-1982, and then
professor(1982—1991 Starting in 1991, Masterov assumed
the position of chairman of the department. In 1971 he de
fended his dissertation in pursuit of the candidate’s degree
and in 1979 he became doctor of physical and mathematic:
sciences.

The area of scientific interests of Masterov included

solid state physicqthe physics of semiconductors, high- jes, in particular, he demonstrated the potential of using rare-
temperature  superconductivity, and the physics Ofearth-doped semiconductors to create coherent and
fullerenes. In these fields he published more than 200 origi-incoherent infrared sources. At present, work in this direc-
nal scientific papers in domestic and foreign journals, twation has advanced in the scientific centers of many countries,
monographs, and five review articles in the jourrfaly/sics  and two volumes of conference papers on “Rare-Earth-
and Technology of SemiconductoendSolid State Physics  Doped Semiconductors,” which include papers presented by
His experimental and theoretical studies of the electronisvasterov, have been publishéoh the Proceedings of the
structure of deep multielectron centers in semiconductorslaterials Research Society, USA, 1993 and 1996 1993
won him international acclaim, and the results of these studhe proposed and laid the groundwork for the use of low-
ies were incorporated into monographs and review articlegimensional semiconductor structures for enhancing the effi-
by Soviet and foreign authors. In 1980, Masterov and cociency of f —f emission. In 1996 hétogether with G.G.
workers were the first to record photoluminescence, and iZegrya theoretically demonstrated the possibility of creating
1982 electroluminescence on intracenter transitions in lll-Va laser emitting at 1.54m based on the erbium-doped het-
semiconductors doped with rare-earth elements. In thoserostructure InP/InGaAsP/InP with two types of quantum
years they used the method of electron spin resonance teells.
investigate the structure of a series of impurity centers cre- From 1987 onward, Masterov took an active part in the
ated by rare-earth elements in indium phosphide. His studiestudy of high-temperature superconductivity of complex
of the electronic structure of iron group and rare-earth impu€opper metal-oxides, and in 1992 the superconductivity of
rities in semiconductors have become classics. In those studaetal fullerenes. He was one of the first to suggest that high-

1063-7826/99/33(6)/2/$15.00 704 © 1999 American Institute of Physics
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temperature superconductors be treated as a multiple Josepfullerenes and Atomic Clusters, the State Program “Current
son medium. The phenomenon of microwave absorption ifProblems in Condensed-Matter Physics,” and the scientific
superconductors containing internal Josephson junctions wa®mmittee and the scientific-technical committee of
discovered in his laboratory, simultaneously with its discov-SPbSTU. He was a member of the Materials Research Soci-
ery by other research groups in Russia and abroad and indety (USA) and the International Society of Researchers on
pendently of them. Together with A. G. Aronov, he proposedgjectron Spin Resonance in Semiconducidtslland).

and developed an original method for investigating viola-  Masterov took an active part in the scientific-
tions of time reversal symmetry in high-temperature supermethodological work of SPhSTU. He was the author of 32
conductors. Masterov and coworkers developed a newdies on scientific methodology and methods of instruc-
method for investigating the charge-density spatial distribuyjo including six textbooks. On his initiative, with the sup-

tion in complex copper metal-oxides based on emissiony, it of the dean of the graduate school, and under his lead-
Mossbauer spectroscopy. The most interesting result in thg iy ang with direct active participation, the instructional

field of fullerene physics may be considered to be the dis.r'ghysics laboratory of the university was modernized at the

covery of a high-temperature superconducting phase | nd of the 1970s. The practical work in physics at LPI be-

copper-based metal fullerene with a record superconductingame one of the best in the country, for which it received the
transition temperature of 120K for fullerenes. ’

On Masterov’s initiative, a laboratory for electron spec-Dlploma of First Rank in VDNKh of the USSR in 1979,

troscopy was created in the department of experimentaTogether with I. P. Ipatova, Masterov revised the general

physics (under the direction of Prof. Yu. A. Mamagvin ph)_/sics curriculum and prepared a textbook for it for_ pul_)l_i-
which unique high-vacuum experimental setups were devefcation. In 1.992_1997, he was a mgmber of the.s_c|ent|f|c—
oped and built for studying solids by slow-electron polariza-Methodological committee on physics for the Ministry of
tion spectroscopy. Under Masterov's direction, a theoreticaligher Education and joined the scientific-methodological
group was organized in his laboratory in which such well-committe of SPbSTU. In 1994, on his initiative a new pro-
known physicists—including professors and departmenffam granting bachelor's and master’s degrees with special-
chairmen—as V.K. Ivanov, V.G. Karpov, D.A. Parshin, ization in physicqin the field of condensed-matter physics
A.V. Subashiev, and V. A. Kharchenko continue to work. Was opened in the department of experimental physics, a

Masterov's scientific activity was inseparably associated?lan was developed and a series of special courses was pre-
with the leading scientific centers of Russia and several forpared for students with this specialization.
eign countries. He carried out scientific research together Masterov did a great service in the preparation of highly
with scientists at the A.F. loffe Physicotechnical Institute qualified scientific professionals. Sixteen Candidate’s Disser-
(RAS), the S.I. Vavilov State Optical Institute, the St. Pe-tations were successfully defended under his direct scientific
tersburg Institute of Nuclear Physi¢RAS), the Institute of guidance, and four Doctor’s Dissertations were successfully
Silicate Chemistry(RAS), the Scientific-Research Institute defended with his support.
“Domain,” and also with scientists in the USA, Germany, The shining memory of Vadim Fedorovich Masterov,
Holland, and Italy. Starting in 1994, Masterov was a consultwho dedicated himself fully to science and education, will
ant for the University of ArizondTucson, USA, in 1995—  forever be preserved in the hearts of his many students,
1996 he held a contract with the European Office of Aero-riends, and colleagues.
space Research and Developméhondon, UK), and he
took part in projects funded by a grant from INTAS-RFBR Zh. I. Alferov, Yu. S. Vasil'ev, A. G. ZabrodskiB. P.
together with scientists of the Physicotechnical Institutezakharchenya, I. P. Ipatova, F. P. Kesamanly, V. V.
(RAS), the Physical InstituteRAS), SPbSTU, the University  Kozlovskii, V. N. Kolgatin, V. I. Perel’, V. V. Emtsev, C. A.
of Milan (ltaly), and the University of Amsterdafiolland. 3 Ammerlaan, and S. Pizzini.

Masterov was a member of the organizing committees
and program committ_ees of many international and nati_ongl Editorial Board of the Journal Physics and Technology
conferences z_ind seminars. He was a member of the _edltong{: Semiconductors
board of the journaPhysics and Technology of Semicon-
ductors and was a member of the Scientific Committee onTranslated by Paul F. Schippnick
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