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Uniaxial stress study of the 1026-meV center in Si:Pt
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The luminescence of the 1026-meV optical center, observed in silicon doped with platinum by implantation,
was studied under uniaxial stress. The splitting patterns show a complex behavior, especially for the main
directions(100) and(110). In the(100) direction, nonlinear shifts in energy are seen for some components in
addition to changes in the intensities. At liquid-helium temperatures, increasing the stress permits the obser-
vation of higher-energy transitions. For this center, a model with trigonal symmetry is proposed in which the
system has four excited states, three doubly degenerate and one nondegenerate. The three zero phonon lines of
the center correspond to transitions of the type:E and are polarized in the plan€Y of the center. The
transition involving the nondegenerate excited state is forbidden by the selection rules. The application of
uniaxial stress causes interaction between the excited states.
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[. INTRODUCTION polishing. The ion implantation was done at room tempera-
ture with Pt ions of energy 170 keV with a dose in the
Platinum as an impurity in silicon is widely studied due to range (1 8.9)x10*®* cm™2. The values for the maximum
its applications in the electronic industry in the lifetime con- concentration of the impurity, calculated with tR&OFILE
trol of minority carriers in silicon devicesThis impurity —copbe program*® were between 3310 and 2.8
introduces several levels in the forbidden band gap both of X 10'° cm 3, and the depth of this maximum was 625 A.
and p-type material(Refs. 1-3 and the references thejein After the implantation, the samples were annealed at high
Some of these levels act as traps for the carriers. temperatures to activate the luminescence. After each anneal,
Several studies show a large number of defects involvinghe samples were rapidly quenched to room temperature.
one or more platinum atofis’ and, in some cases, other ~ The emission from the samples was acquired in two types
impurities’®~1* The usual way of doping the material is by of spectrometer. The first one was a Spex 1000M dispersive
diffusion at high temperatures. This method has the disadnonochromator and the second one a Brucker 66v spectrom-
vantage of poor control of the level of the impurity intro- eter. Both spectrometers were equipped with a Ge diode de-
duced into the lattice and favors the formation of aggregatetector cooled to liquid nitrogen temperature. Photolumines-
over simpler defects. The implantation of impurity ions of- cence was excited with the 488-nm line from an argon laser.
fers a much better control of the concentrations in the mate- The stress measurements were made in the Fourier spec-
rial. However, above a certain dose, the implantation processometer equipped with a stress cell inside an Oxford
leads to amorphization of the lattice and so care must b€F1204 cryostat.
taken not to go beyond this level. The observed defects were

studied mostly by electron paramagnetic resonance IIl. RESULTS AND DISCUSSION
(EPR.7810-121%evertheless, other experimental techniques '
have been used, namely photoluminesceft®and optical A. Optimization of the luminescence

H 14,17 .
absorptior? It was shown previoushl that the doping of silicon with

In this work, we doped the silicon material by ion implan- yatinym by ion implantation with additional annealing re-
tation with a dose near but below the amorphization levelg,is in the formation of three optical centers designated by
The luminescence of the 1026-meV optical center was study g energy of the zero phonon lines in each center: 777, 884,
ied under variable temperatures and application of uniaxial ,4 1026 meV. The 1026-meV center was observed in
stress. A model that describes the splitting patterns underthﬁ_type material and the best conditions for its production

external field is discussed. were established as an annealing for 4 min at 900°C.

Il. EXPERIMENTAL DETAILS B. Description of the center

In this work, we used samples grown by the Czochralski The 1026-meV optical center shows at low temperature
method and of botlp andn type. The dimensions were ap- (4.2 K) two ZPL at 1024.1 and 1026.9 meV. For-10 K,
proximately 2x4x12 mm, with the longest edge along the another ZPL is observed at 1030.9 meV. At lower energies,
main directions(100), (110, and(111). All the samples transitions involving a phonon of 10.3 meV are observed.
were etched (HF:ENO; in the ratio 1:10 after a mechanical This low energy for this local mode suggests the participa-
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FIG. 1. Photoluminescence of the 1026-meV optical center at FIG. 3. Dependence on the temperature of the integrated inten-
4.2 and 16.5 K. The sample jstype and was implanted with Pt sity of the ZPL in the center 1026 meV. The line represents the fit
ions of energy 170 keV with a dose of *f0cm™2. of Eqg. (1) to the experimental pointsE=34.6 meVC=70 000,

E.=5.8 meV,g=4.2, andb=241).

tion in the defect of impurities with mass higher than that of
the silicon atoms. Also at lower energy, a vibronic band is . )
seen with a small intensity and maximum-a85 meV from The increase of the sample temperature causes an increase
the ZPL, which shows some similarity with the continuum ©f the integrated intensity in the ZREig. 3. A maximum is
spectrum of the lattice. A phonon replica involving the TO réached at-30 K and a subsequent reduction is observed
lattice mode is also observed. No phonon replicas are odfor higher temperatures with complete extinction-&0 K.
served in the anti-Stokes region. In Fig. 1, we show the phoThe initial increase is attributed to the qompetmon for the
toluminescence at 4.2 and 16.5 K. capture of free excitons between the luminescent defects and

The emission spectrum can be calculated with linear coutonradiative shallow defecfQ.The. increase of the tempera-
pling electron-phonon theory. Coupling to the local mode tureé promotes the. release of excitons bound to the nonradia-
of 10.3 meV and to the lattice modes with the Huang-Rhydive defects, making them available for the capture by the
factors of 0.5 and 2.6, respectively, was considered. Thether defects, _|nclud|ng the Iummgscent ones. The experi-
agreement with the experimental spectrum is quite good, a&€ntal behavior can be described by the following
shown in Fig. 2. The calculated relaxation energy of theequatiort
lattice iSER=91 meV.

C. Temperature dependence

WD _ 1+C = 1+f -
TON eXp ~ T ( oo
: (a) : (b) S —. (1)
kA 8 nr
fé § 1+b exp( ﬁ)
0 102030 4050 60 70 © 10 20 30 40 50 60 70 where f represents the fraction of the nonradiative centers

gy {mev) Sneighne that have not bound an exciton and can hence compete with

the luminescent centers for the capture of the free excitons.
This term includes the temperature-independent ratio of the
capture cross sections for excitons at the luminescent centers
and the competing defectk. represents the thermal ioniza-
tion energy of the luminescent center akg, the thermal

MM ionization energy of the nonradiative defects.
Tl

Intensity (arb. units.)

The fit to the experimental points is shown in Fig. 3,
whereE=34.6 meV andE,=5.8 meV. The thermal ion-
960 980 1000 1020 1040 ization energy is considerably higher than the usual values
Energy (meV) obtained for isoelectronic defects~(L5 meV). However,
FIG. 2. Comparison of experimentéull line) and theoretical  this behavior is not unique. For example, thaBC"” center
(broken ling emission of the 1026-meV optical center at 16.5 K. related to aluminurit shows a value of-44 meV.
The insets(a) and (b) show, respectively, the local mode of 10.3  Taking the free-exciton energy of 1155.7 meV, we obtain
meV and the continuum spectrum of lattice modes considered in tha spectroscopic localization energy of 11551026.9
reconstruction of the emission spectrum. =128.8 meV for the center. Considering the thermal ioniza-
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tion energy of 34.6 meV, we have a residual localization 1034r
energy of 94.2 meV. This value is very near the relaxation
energy of the lattic691 me\) calculated above. The prox-  1082f
imity of the two values indicates that the first particle is
bound with a consequent relaxation of the lattice and the 1930f
second particle is bound in the resulting field. s
The temperature dependence of the relative intensities og '%28f
the ZPL could be fitted by an Arrhenius relation. The fitto &
the experimental measurements resulted in infinite temperag %26
ture ratios ofl 1:1,:13=1:83:86. So, the transition probabili-
ties from the two higher levels are approximately two orders
of magnitude higher than from the lower excited level. The
energy separations calculated from the fit, 7.0 and 2.8 meV
respectively, are near the experimental values.

@

1024¢

10221

This electronic level structure suggests an excitonic na- 10205 002 004 006 008 0.1 012 014
ture for the center. However, the high value obtained for the Stress (GPa)
thermal ionization energy34.6 meV is unusual for centers 10341
of this kind. =

1032

D. Uniaxial stress measurements 1030

The application of uniaxial stres$) was done at low
temperature 4.2 K) for P||[001] and forP|[111], and at
a higher temperatur¢l5-20 K) for P|[110]. Due to the &
higher temperature in the last direction, the ZPL at 1030.9& %2
meV was observed in the absence of the external perturba
tion. The obtained splitting patterns are shown in Fig. 4, and, %
with the exception oP|[111], they are quite complex.

For P|[001], each ZPL splits into two components. Inthe 1922}
range of low stress, the slopes are linear and approximatel
symmetric. FolP>30 MPa, two new componentse” and 1020 52 o004 006 008 01 012 0414 0416 o048
“f7) appear at higher energy. The componentt’ ‘and Stress (GPa)

“e” interact and, as a consequence, repel each other aroun
40 MPa. In the range 80100 MPa, the b” component
interacts with the next higher component. The above interac-
tions provoke changes in the intensity of the components anc
cause the slopes to be nonlinear.

The extrapolation to zero stress of the componerds *
and “f” indicates that their origin is at 1029.5 and 1030.9
meV. This relates the componentf™ with the higher-
energy excited state. For the componemt™ no state was
observed near 1029.5 meV when the temperature was raise
So the transition involving this state must be forbidden.

At low temperatures, the ZPL at 1026.9 meV has approxi-
mately five times the intensity of the ZPL at 1024.1 meV.
This fact puts more uncertainty in the measurement of the
intensity of the components resulting from the ZPL with
lower energy. At a stress value of 11.8 MPa, the relative 10205 002 004 006 008 0.1 012 014
intensities ard ,:1,=4:2 andl:l4=3:2. Stress (GPa)

The application of uniaxial stress alof@11] results in
the splitting of the two lower-energy ZPL into three compo- FIG. 4. Fan diagrams for the 1026-meV under uniaxial stress.

nents each. In the range of stress values studied, N0 COMPRy p|[001). The lines represent the fit of the proposed model for
nents were observed for the higher-energy states. The oy gefect orientationsib) P|[111]. The broken lines represent the
served slopes are linear, which suggests the absence @ffor the orientation 1 and the full lines represent the fit for the
interactions between the excited states. The measurement gfentations 2, 3, and 4c) P|[110]. The full lines represent the fit
the relative intensities of each component for a stress valugy the orientations 1 and 2 and the broken lines represent the fit for
of 92.4 MPa resulted in the valugg:l,:1;=17:6:22 and the orientations 3 and 4. Each component is labeled by a letter:
lj:1g:1=11:6:18. roman for the full lines and greek for the broken lines.
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E three E states, and ond\, state. Experimentally it is not
possible to distinguish the previous model from another one

T where the ground state and the nondegenerate excited state
I transforms asA, and A, respectively. Because from the

' point of view of the uniaxial stress experiments the two mod-

I els are equivalent, we will consider the first ditég. 5). The

, transition from theA, state to theA; ground state is forbid-

I den by the selection rules. However, the application of
|

|

|

|

|

Az

uniaxial stress promotes mixing between the different ex-
86 cited states, and foP||[001] the transition originating at
1029.5 meV becomes observed for stress values higher than
~30 MPa.
A, y y y The uniaxial stress perturbation is described in local co-
ordinates by
FIG. 5. Proposed model for the 1026-meV center. The symme-
try of the center is trigonal@s,) and it has four excited states. V=Ca (Sxx+Syy+ S;2)+ %C,,Al(ZSZZ_ Sxx—Svyy)
Three of them are doubly degenerate transforming asates and
the other one is a nondegenerate state transforming s atate. +CE6(SYY— SXX)+ZCE£SXY+ 2C’EHSXZ+ 2C’EESYZ,
The ground state transforms as Apstate. The full lines represent
transitions that are allowed and the broken line a forbidden one. 2
Near each allowed transition is the relative transition probability.

whereS;; =P n; n; are the stress tensor componeffeing
For P||[110], the sample temperature was higher than forthe applled stres_s a_rrq the cosine of the angle betv_ve_en the

Y X ; direction of application of the stress and the local axasnd
the other two directions, which allowed the observation of C! are electronic operators with transformation
the higher-energy state at 1030.9 meV at zero stress. Ther VE, S P o
observed splitting patterns are quite complex, as shown iRroperties given by the labels. The secular matrix is given by
Fig. 4. At this temperature, the spectrum is dominated by the

ZPL at 1026.9 meV, the other two ZPL having much less |Vij—E&;j|=0, 3
intensity. The line at 1026.9 meV splits in four components,wherevij =<¢i|V|¢j> is the matrix element of the Hamil-

whereas for the other two states fewer components are Oti)' ;
: , nian[Eq. (2)] calculated between the states) and|d;).
served due to the reduced intensity. However, the observ he calculation of their eigenvalues and eigenstates is done

shift rates are very similar for the three states. . ; ) )
. . in the set of four excited states. The basis functions are the
The energy and intensity of some of the components are

; : 1 1 2 2

difficult to measure experimentally due to the strong overla el%enfuncnogns of each statEy), [E), [Ej), |EQ), [Ag),

resulting in line broadening even for small values of stress/E#) and|E;). The secular matrix takes the form given in

For a stress value of 72.0 MPa, the relative intensities of thd able I. ) )

three components wete, :1, :1,=1.3:2.7:1.3. In-a lattice of_Td symmetry, a trigonal center has four

possible nonequivalent orientatio(igable 1l). For P||[001],

all the orientations of the center are equivalent, but for

P|[111] and P|[110Q] the solutions of the secular matrix
To explain the observed splitting patterns, we propose fofTable ) depend on the orientation of the center considered.

this center a model in trigonal symmetr{) where the In the first case R||[111]), the degeneracy is not lifted for

ground state is aA; state and there are four excited states,the first orientation, whereas for the other orientations the

E. Theoretical model

TABLE |. Secular matrix for the model of the uniaxial stress perturbation considering the model of Fig.
5. The parameters are given by the following expressions, where the Emlacterizes the particul&rstate
in each matrix elementc; =a’(Sxx+Syv+Sz2) +385(2S72~ Sxx— Syv)i Ch=a5(Syy— Sxx) +284Sxz;
C3=—2aSxy—28,Syz; a'=—2d'Sxy—2f'Syz; B'=d'(Syy—Sxx)+2f'Sxz; W=0g(Sxx+Syv+Sz2)
+3h(2S;7~ Sxx—Syy)-

|EB) E2) |ED) EZ) |Az) E3) |E2)
|EL  E;tci+c} c3 0 0 at 0 0
|EL) c3 E,+ci—c} 0 0 Bt 0 0

€ 3 1 1 2

|E2) 0 0 E,+ci+c3 c3 a? 0 0
|E2) 0 0 c3 E,+c?—c5 B2 0 0
|Az) ot B a? B Est+w a® B
|E3) 0 0 0 0 a® Estci+cd c
|E3) 0 0 0 0 B° c3 E,+ci—c3
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TABLE Il. Orientations for a trigonal center in a lattice ®f

PHYSICAL REVIEW B3 235208

TABLE IV. Eigenstates for the B,” * d,” and “e” compo-

symmetry. nents forP|[ 001]. The more significant contributions for each com-
ponent are indicated in percentages.
Orientation X Y z - ;
Stress(MP E E A
: [112] [110] [111] 67.7 “ b;:cs);mponent 0.3 4.8
3 [112] [110] [111] 79.5 88.0 0.9 1i 2
4 [112] [110 [111] 88.4 777 1.7 20.6
97.3 62.4 3.1 34.5
101.7 54.0 3.9 42.1
solutions of the secular matrix are equal. RII{110], we 1135 34.8 55 59.7
obtain a solution for the first two orientations different from 122 4 253 6.1 68.6
the solution for the last two orientations.
The best fit to the experimental points is characterized by “d” component
the set of parameters in Table Il and given by the lines iny g 0 99.8 0
Fig.-4. » 277 0 91.9 8.0
From Fig. 4, we see that the splitting patterns are quite;; ¢ 0.1 83.2 16.7
well described by the proposed model. Rjf 001], the non- 44.0 0.5 583 412
linear slopes of the componentd™ and “d” as well as _ 10 448 542
those of the components that appear for high energy are d%-7 3 21 327 652
scribed. In the case d?||[111], the fit is poor for the two 67.7 4.8 22'9 72'3
components with higher slope. F&Y[110], in spite of the 92.8 Zé 0 11.8 59'2
high number of components, the fit is globally acceptable.10‘4 . 51'1 8‘0 40'9
The fit is poorer for the componentso;” “ r,” and “u” : ' : :
that experimentally have a low intensity. .
The proposed model for the center considers the interac- e" component
tion between the four excited states. For each particulaf-® 0 0.2 99.8
stress value, the eigenstates are linear combinations of tie -/ 0.2 8.1 91.7
basis functions. The intensity of each component depends o#3-6 0.3 16.8 82.9
each linear combination. However, when the stress value i44.0 0.4 417 57.9
low enough, the intensities must be near the ones predictetP.9 0.4 55.2 44.4
in the absence of any interaction between the excited states/.3 0.4 67.2 32.4
For P|[001], the theoretical relative intensities of the two 67.7 0.4 76.8 22.8
components are 3.3:2. The experimental values are closer 2.8 0.4 85.8 13.8
the above intensities for the ZPL at 1026.9 meV than for thel04.7 0.4 87.6 12.0

ZPL at 1024.1 meV. The low intensity for the latter ZPL

does not allow a proper comparison with the theoretical in-

tensities.

the intensities of the two ZPL are near these values, again

For P||[111], the theoretical relative intensities for three being less accurate for the line at 1024.1 meV.
components are given by 9:6:17. The experimental values for For P|[110], the direction of the detection of the emis-

sion light was[TlO]. Considering the electric dipole with

TABLE Ill. Parameters that characterize the best fit to the ex-equal intensity along the locat and Y axes, the relative

perimental splitting patterns.

E;=1024.1 meV
E,=1026.9 meV
E;=1029.5 meV
E,=1030.9 meV
a’=-1.1 meVGPa’
a3=-6.9 mevGPa’
a3=6.5 meVGPa'
a;=36.4 meV GPa'
d'=10.3 meV GPa!
f1=4.2x10"2 meV GPa'
d®=2.0 meVGPa!

f3=—-1.2x10"2 meV GPa’

al=1.7 meV GPa!
a;=—9.6 meV GPa!
ai=3.4 meVGPa'
a;=27.2 meV GPa!
a’=-6.8 meVGPa'
a3=4.5 meV GPa!
a3=2.3 meV GPa'
a3=28.3 meV GPa'
d?=15.1 meV GPa!
f2=2.7 mev GPal
g=-17.9 meVGPa'
h=1.4x10"2 meVGPal

intensities of the four components, ordered by descending

slope, should be Z:2:0. Experimentally, the intensity of
the component with higher slope in the splittings of the ZPL
at 1026.9 meV is very small. On the other hand, the compo-
nent with lower slope was clearly visible. This could be
caused by a slight misalignment of the sample geometry with
respect to the optical axis of the system.

With increasing stress, the intensities of the components
are well described by the model, in particular the changes in
intensity of some components f&/[ 001]. The contribution
of the |A,) basis function to the component" increases
and this component becomes progressively forbidden until it
disappears at-70 MPa. For higher stress values, the fitted
“b” and “ d” components repel each other as observed ex-
perimentally for the ‘b” component and the component
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with lower slope from the ZPL at 1030.9 meV. Table IV show, with the increase of the applied stress, a progressive
shows the eigenstates associated with the”*“ d,” and  mixture of the|EL), |E?), and|A,) basis functions. How-
“e” components for some stress values as given by thever, the ‘p” component still remains essentially forbidden
model. In each splitting, the eigenstate of the componenand the other two components essentially allowed.
with lower slope is always given by just one basis function:  Other optical centers related to transition-metal impurities
“a” component —|E2); “¢” component —|E2); “f” com-  show a trigonal symmetr§?~2°To make possible a compari-
ponent —|E3). son between the different sets of parameters in each center,

For the other two directions of uniaxial stre$3||[111] all these sets of parameters must be written in the same type
andP||[110], the role of theA, state is not so important, due Of coordinates. In crystalline coordinates, the perturbation is
to the weaker interactions between the four excited states. ritten in terms of four parameterss,, A,, B, and C.%°
the case oP||[111] and for the first orientation of the center, Transforming our set of parameters to the crystalline coordi-
the model gives three states doubly degenefatg” “ g,”  nates results inA;=2, A,=-5, B=14, and C
and “8” component$ and one state nondegenerdtey” =19 meV GPal. TheA; andA, values are near the ones
component This eigenstate shows no mixture of thestates  obtained for the 735- (Si:AtFe), 1014~(Si:Cu), and 838-
with the A, state. The remaining components are due to théneV (pair Cr-B) centers. The magnitude 8fis also near the
other possible orientations for the center. The" k,” and  Vvalues obtained for these centers. P§(111), the splittings
“n” components are always given by tHE}), |E2), and and the shift rates of th_e _observed components ma_ke Fhe
|E3) basis functions, respectively. For the other componentst026-meV center very similar to other centers of excitonic
the increase of the stress causes a progressive interactifature, such as theABC” center related to aluminurft
between them, but for the range of stress values studied, this Overall, the removal of the electronic degeneracy for
interaction is small. The only exception is the range 100P|(111), the near equivalence of the thermal ionization en-
—120 MPa, where the I and “m” components interact €rgies, the electronic level structure, and relative transition
somewhat. So, the lack of observation of transitions involvProbabilities suggest a great similarity between the 1026-
ing the two higher excited states is explained by the modelMeV and the ‘ABC"” centers.

In the splitting pattern foP||[110], it is only possible to
analyze the ZPL at 1026.9 meV due to the low intensities of
the other two ZPL. Let us consider the first two orientations IV. CONCLUSIONS

of the center. The p,” “r,” and “n” components are The 1026-meV center was studied by photoluminescence
given by the|Ej), |E7), and |Ej) basis functions, respec- under uniaxial stress. The results showed evidence for the
tively. The other four components have a low interactionexistence of four excited states. The observed zero phonon
with the exception of the §” and “t” components in the transitions occur from doubly degenerate excited states to the
range 96-130 MPa. However, in spite of the latter interac- ground state. The fourth state is a nondegenerate one and the
tion, the “'s” component, initially forbidden, never receives transition to the ground state is forbidden by the selection
a sufficient contribution to become observable. Consideringules. The symmetry of the center is trigonal, the observed
the last two orientations for the center, the,” “ =,” and * ZPL’s corresponding to A E transitions. The lower excited

7" components are given by thiEL), |E2), and|E3) basis  state has a relative transition probability approximately two
functions, respectively. The ¢” component is essentially orders of magnitude lower than the relative transition prob-
given by the E?) basis function. The other three componentsabilities for the other degenerate excited states.
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