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Hydrostatic pressure dependence of isoelectronic bound excitons in beryllium-doped silicon
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PhotoluminescencéPL) from the recombination of excitons bound to isoelectronig Bepants in bulk
silicon is measured for pressures up to 60 kbar and temperatures down to 9 K. PL from excitons bound to this
Be, trap is analyzed by using the Hopfield-Thomas-Lynch model, extended to treat more complex isoelectronic
dopants, and several different binding potentials. This modified model describes the change in exciton binding
energy with pressure determined from the PL spectrum and the loss of PL at and above 60 kbar when
short-range potentials are used. The depth of the potential in this model is relatively insensitive to pressure.
Coulomb-based models do not explain these observations as well.

I. INTRODUCTION Coulomb interaction between the trapped electron and a
hole. For an isoelectronic donor, a bound exciton forms be-
Isoelectronic impurities generally refer to substitutionaltween a trapped hole and an electron. The details of exciton
species with the same valence-electron structure as the hdermation are probably much more complicated than this
atoms. While isoelectronic impurities in 11-VI and I1I-V com- Model suggests. To date, this model has been applied only to
pound semiconductors, such as GaP, are usually substit§ingle, substitutional atomic impurities, and to pairs of such
tional atoms, in silicon these impurities appear to be multiimpurities. The HTL approach is extended here to model
atomic complexes, such as those involving Be, Cu, Li, T, S&XCiton binding to the more complex B&ap.
or Se, and not substitutionégroup-1V) atoms. The isoelec- _ The crystal field Ty symmetry splits the energy levels of -
tronic impurity in silicon doped by Be is a substitutional- tht_a |soelectron|c exciton states bound to the Be-pair trap in
interstitial (SI) pair of Be atoms aligned axially along Silicon intoJ=1 andJ=2 levels separated by 2.18 me#t
[1111.1-3 The photoluminescencéPL) spectrum of this ambient pressujg this splitting is called the e_Iectron-hoIe
single trap composed of two Be atoms has features that af@¢change (_anergzy.These levels are further split by the uni-
similar to that from a pair of traps in single-substitutional- form uniaxial stress, as is seen in Fig. 1. There is a small
impurity-doped semiconductors, such as GaP doped by NJniaxial stress on the radiative center, even at amblen't pres-
This Si:Be trap has been shown to be an isoelectroni€Ure[0f magnitude~0.22 kbar(Ref. 2], due to the axial
acceptof® nature of the Be pair; this leads to a compression of the Be
The Be-pair complexes in silicon serve as radiative cenPar and an extension of neighboring Si atoms. When pres-
ters that improve the quantum efficiency of optical emissiorsure is applied, this uniaxial stress changes because the Si
in this indirect semiconductdrEnhanced PL in Si has also lattice constant changes, even when the pressure is hydro-
been observed by using other isoelectronic complexes, sudatic. The five levels of the bound exciton lead to five po-
as those formed by selenium and sulfur doping, which ma);entlal recombination transitions, whlcrl1 are labeled in Fig. 1.
involve copper impuritie§.This article investigates the bind- N the absence of strain, lings and A" are fully allowed
ing of excitons to Be isoelectronic complex radiative centerdransitions, lineB is a partially allowed transition, and lines
in Si, by measuring the PL spectra from Be-doped Si under

hydrostatic pressure over a range of temperatures. In an ear- 0 |y=1
lier paper wé used pressure tuning to demonstrate that two i;

PL features near the phonon replicas of the zero-phonon peak +1 ] J=2
associated with excitons bound to Blékely correspond to £2

the recombination of excitons bound to other Be complexes. A|A[B"|B B

This paper concentrates on the zero-phonon PL peak associ- J=0

ated with the Be-pair trap.

The Hopfield-Thomas-LynckHTL) model is often used FIG. 1. Diagram of the five energy levels of the isoelectronic
to describe the binding of excitons to isoelectronicexciton split by the crystal field witiy symmetry and uniform,
impurities® For isovalent acceptors, an electron is trapped iruniaxial stress; lineé andA’ are fully allowed transitions, lin&

a non-Coulomb short-range impurity potential of the isova-is a partially allowed transition, and lin&' andB” are forbidden
lent complex. A bound exciton forms through the long-rangetransitions.

0163-1829/96/5®)/44349)/$06.00 53 4434 © 1996 The American Physical Society



53 HYDROSTATIC PRESSURE DEPENDENCE OF ISOELECTR@NI. . 4435
] 6
1 T=9K 40.1 kbar 7.1 kbar 1
] 4 28.2 kbar & 1 @ 71=9k PEAK " PEAK A
] 52.5 kbar M 5] P = 149 kbar

£ ] i:’ .

3 _‘ = ]

£ ] 222 kbar . d 4

= s

> 48.1 klir/A—‘:&s kbar \ 0.5 kbar >

= \ 53]

%] D

pd 4

Ll ] -

Z ]\A £

B 430 kbar 14.9 kbar Z 24 PEAKE
] 31.3 kbar N 7 ]
1 N 1 bar E
] 54.5 kbar .. ]
3 § ™
- RPNV SUM LA 0 T T 1 1 1 1T " 1T " 1.7

102 103 104 105 106 107 108 1.062 1.063 1.064 1.065 1.066 1.067 1.068 1.069 1.070

ENERGY (eV) ENERGY (eV)

FIG. 2. Zero-phonon PL spectra of Be-doped Si at various pres- 10

sures(9 K). 1l ® T=9k

P = 40.1 kbar

. . .. .. : PEAK B
B’ and B” are forbidden transitions; uniaxial and biaxial

strain-induced mixings makB' andB” weakly allowed’

At ambient pressure, peak from the higher-energy fea-
ture is dominant 89 K even though the Boltzmann factor
exp[—{E(J=1)—E(J=2)}/KT] is small, 0.06, because the
A transition has a much larger oscillator strength than do the
B, B’, andB” transitions. PeakB andB' are dominant at 2
K because this Boltzmann factor is much smaller at this
lower temperature, 810 2.9 The relative intensities of the
zero-phonon lines in the spectra of Si:Be change dramati-
cally with temperature in the range 2—13 K. This trend is
generally observed in the luminescence peaks of other semi- 0
conductors that are attributable to excitons bound to isoelec-
tronic traps'°
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FIG. 3. PL spectra aa) 14.9 and(b) 40.1 kbar &9 K fitted by

Il. EXPERIMENTAL PROCEDURE using Pearson VII functions.

Be ions were implanted into bulk silicon with a dose of
2% 10" jons/cn? at 40 keV, as described elsewhérblea-  ture is changed™ The four different peaks seen at lower
surements were conducted in a diamond anvil cell that waBressures~7-28 kbay in Fig. 2 are identified as tha, B,
loaded with liquid argon to attain hydrostatic conditions.B’, andB” zero-phonon peak$ig. 3@]; theA’ transitionis
Pressure uniformity was assessed by measuring PL from tw@ot seen, probably because it is too weakly populated at this
ruby chips placed inside the hole of the gasket along with théemperature. The main peak at 1 bar and 0.5 kbar isAthe
thinned sample. Photoluminescence was excited by thBeak, and the two much smaller peaks seen at lower energies
514-nm line from an argon-ion las¢s mW), which was are theB andB’ peaks. The new feature seen at a slightly
chopped at 104 Hz. The PL was dispersed by a 0.85-npwer energy than the main peak at 7.1 kbar is due tdBthe
double spectrometer, detected by a Ge detector, and analyz&@nsition. The energy of this feature agrees with the results
by lock-in ana|ysis_ Measurements were conducted at 9 K(?f the 'Eheoretlcal work in Ref. 2 and the Zeeman measure-
and at several other higher temperatures, for pressures up fients in Ref. 9. _
60 kbar; the PL signal vanished at and above this pressure. The B, B’, andB" peaks become stronger as pressure is
After the pressure was releas@bwn to 1 bay, the PL spec- applied. Figure @) shows the resolution of the PL signal at

trum was found to be the same as that before pressure wad-9 kbar(from Fig. 2 into the four observed peaks by using
applied. Pearson VII functions? which are peak-fitting functions that

can vary between Gaussian and Lorentzian line shapes. Simi-

lar fits for each spectrum in Fig. 2 show that the energy

differences between th&, B, B’, andB” peaks are constant
Figure 2 shows that as pressure is applied, the PL peaks ap to 30 kbar(9 K) within =0.02 meV, even though the

9 K shift toward lower energy, the spectral feature broadenselative strengths of the transitions change greatly.

and develops structure, and the relative strengths of the indi- At higher pressure¢Fig. 2), zero-phonon emission has

vidual PL peaks change dramatically. Qualitatively similartwo broader peaks. As resolved in FigbB the higher-

behavior has been observed previously in Si:Be as temperanergy peak is due to th transition(near 30 kbar this peak

Ill. RESULTS
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FIG. 4. The dependence of the PL energies of the zero-phonon 1 (b) P = 32 kbar
A (0), B (0), B’ (1), andB" (0J) peaks(from the peak fitsas a ] MMM%

function of pressure at 9 K. See Table | for the parameters for the _ -

. o 35K

curve fits. § .
also includes the8” peal, while the lower-energy peak is % 4 30K
due to theB and B’ transitions. The PL intensity begins to > .
decrease above50 kbar, and no PL is seen above 60 kbar at @
9 K. =l

Figure 4 plots the energiek] of the A, B, B’, andB” PL < 23K
peaks, determined from the above-mentioned peak-fitting
procedure, as a function of applied pressug.(The slopes 16K
(dE/dP) of these curves are roughly half that of the indirect
band gap in Si. The pressure dependences of the four peaks ] AN
are quite linear up to around 30 kbar and have nearly equal 1046 1048 1050 1052 1054  1.056

slope,~0.77 meV/kbarlsee Table)l At higher pressures, the ENERGY (eV)
pressure dependences of th@ndB peaks are different: the
energy of peakA decreases more slowly with pressure than FIG. 5. Zero-phonon PL spectra &) 14 and(b) 32 kbar for
that of peakB. Table | presents the fitting parameters for theseveral temperatureThe slit width was 0.5 mm, except for the
peak energies of these four zero-phonon peaks, which wergectrum at 40 K in@ where it was 1.0 mm. Also, the vertical
obtained with the least-squares fits plotted in Fig. 4. scale is doubled for the spectrum at 44 K(b).]
Figure 5 plots the PL spectra &) 14 kbar and(b) 32
kbar, obtained at various temperatures. At 14 kbar, the foupbservable. At 32 kbar, two distinct PL peaks are observed at
peaks merge into a single broader feature and becom@K, which slowly shift to lower energies as the temperature
weaker as the temperature is increased. At 40 K, PL is barell increased. For both pressures, the integrated intensities of
theB, B’, andB” peaks decrease with temperature, while the
TABLE I. Energy positions and pressure coefficients for the fOUfmtegrated intensity of th& peak increases up to around 25

zero-phonon peaks, using the fi{P) =E,(P=1 baj+aP+ 8P?, K, and then decreases; this is also seen at ambient préssure.
whereP is the pressure in kbar. The total integrated luminescence is constant up to 25 K, and
— then decreases rapidly with increased temperature.
Fit using
data for
pressures IV. DISCUSSION
Eo, (1 bap a up to .
Peak (V) (meVikbay (1073 mlgV/kba?) Kban A. General observations
A 10783-0.0004 —0.77-0.04 0 o5 Each of th_e features assqciated wit_h the zero-phonon peak
: . DG : decreases with pressure with approximately the same slope,
1.0784:0.0002 —0.76+0.01 0 28.2 but with a slope that is smaller in magnitude than that of the
B 1.0762:0.0003 —0.63£0.03 ~ -4.9+0.4 54.5 indirect band gap in Si. As is detailed in Sec. IV B, this is
1.0766£0.0002 —0.77+0.09 0 28.2 due to the decrease in the binding energy of the exciton with
B’  1.0747-0.0007 —0.55+0.06 ~ —6.8+0.1 52.5 pressure. The slope measured here is roughly equal to the
1.0754:0.0001 —0.77+0.01 0 28.2 hydrostatic shift rate(0.58+-0.06 meV/kbay estimated in
B” 1.0782-0.0001 —0.79+0.01 0 31.3 Ref. 2 from uniaxial stress data in the limit of low stress.

In addition to this general behavior, the PL peak has sub-
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structure due to thé, B, B’, andB” peaks that changes with 50
pressure, as is seen in Fig. 2. In particular, the relative
strengths of these four transitions change greatly as pressure ]
increases. For example, the ratio of the intensities ofBhe 40
andA peaks is seen to increase from 0.11 at 1 bar to 1.2 at ]
28.2 kbar to 10 at 46.1 kbar. The PL signal for each peak is <
proportional tof;g; exp[— E;/kT], wheref; is the oscillator g 307
strength for radiative recombination of the trapped exciton
andg; exp[— E;/kT] is the Boltzmann population factog;
is the degeneracy of the exciton levelThe change in the
ratio of theB andA intensities could be due to variations in
the oscillator strengths of these transitions and/or the energy 10
differences of the respective states with pressure. ] S
The energy differences between the B, B, and B” ] AN
peaks are constant up to 30 kk&rK) within +£0.02 meV, O+—T—T T T T T T T T T T T
which suggests that in this regime there are no significant 0 10 20 S0 40 50 60 70
changes in the crystal field or uniaxial strain and that the PRESSURE (kbar)
change in the relative peak heights must be due to changes in o )
f, with pressure. A change in the energy splitting of 0.02 FIG. 6. The binding energk, of a_tra_ppe(_j electron associated
with peakA versus pressure. The solid line fit fBg, (to 52.5 kbay

meV would change the ratio of Boltzmann factors only by a’ ) . .
factor of 0.97 at 9 K, which is much smaller than the varia-'S extended with the dashed line to the pressure axis to show the

tions observed here. intercept. In the inset equatidn is the pressure in kbar.
It is possible that the oscillator strengths of the weaker
transitions increase with applied pressure, in part due to
uniaxial-strain-induced mixing that is expected even when The HTL approach for binding excitons to substitutional
the applied pressure is hydrostatic. The Be Sl pair is comatom traps is extended here to model the binding of excitons
pressed alonfl11] even at ambient pressure, with a uniaxial to the Be Sl pairs. An electron is assumed to bind to the
stress of 0.22 kbar, and the magnitude of strain in the Be paisovalent complex and the hole then binds to this electron to
along[111] should increase as the volume of the Si latticeform the bound exciton. The overall binding enei,) of
decreaseqSi and Be have nearly equal bulk modulRef-  a bound exciton relative to the two free particles, given a
erence 2 has calculated that as the uniaxial stress fldd§y  zero-phonon PL peak &p, at pressureP, is determined
increases from 0.5 to 2 kbar, the ratio of the oscillatorfrom
strengths of thé8 and A transitions increases by a factor of
18. However, concomitantly, the splitting of the and B Eex=1.170 eV (dEgg/dP)P—Ep, (N)
peaks would be expected to increase by 7 meV, which is not
seen here. Perhaps strain-induced mixing is larger than thathere 1.170 eV is the indirect band gépgg) of Si at 9 K
calculated or hydrostatic strain changes the level-mixing coand 1 bar, andiEgg/dP=1.50 meV/kbar:*!® this assumes

IONIZATION PRESSURE
= 66 kbar

ENERGY (m

20 4 E, (mev) = 480 — 7.28x10~P

B. Modeling exciton binding

efficients. that the band gap varies linearly with pressure, which is a
At pressures above 30 kbar, the energy of pdakle-  satisfactory assumption in this pressure ralg8.
creases at a slightly slower rate than that of paknd their From the far-infrared absorption measurements in Ref. 5,

splitting increases from 2 meXthe value from 1 bar to 30 the energy required to remove a hole from a trapped electron
kban to 7 meV at 50 kbar. According to Ref. 2, an increase(E,.;,) in this system is 43 meV, which is three times larger
in uniaxial stress alonfl11] increases the energy of peAk than the binding energy of a free exciton in silicon, 14.3
and decreases that of peBkthis change in splitting may be meV2® Therefore the binding energy of the trapped electron
due to an increase in the magnitude of uniaxial stress t&, is
~1.75 kbar at 50 kbar. The PL peaks are also observed to
broaden with increasing pressure, which may be due to non- Ec=Eex Ee.p- 2
uniformities in the strain in the Be Sl pair. From 30 to 60
kbar, the two ruby chips gave the same pressure readinly is assumed that the dependenceEf,, on pressure is
within ~0.3 kbar, which suggests this observation is not dueegligible; this is justified in Sec. IV B.1. The binding energy
to nonhydrostaticity in the applied pressure. of a trapped electroft, associated with peaR is plotted
The total integrated luminescence is constant up to 25 Kyersus pressure in Fig. 6.
and then decreases rapidly with increased temperature. As Most detailed theories on the effect of hydrostatic pres-
the temperature increases+@®5 K, excitons begin to popu- sure on isoelectronic impurities have concentrated on iso-
late the highexJ=1) levels that radiate rapidly and thermal lated and paired substitutional trapys’'® The simple,
guenching of exciton states is slow; above 25 K nonradiativgootential-well model has been used to estimate the binding
decay becomes very important. Reference 13 describes seerergies of excitons to a singleeutra) substitutional trap’
eral thermal decay modes for excitons, two of which can bend to pairs of these trap$?! It is not clear whether this
important here. For temperature25 K the hole may escape approach, and the binding mechanisms assumed, can be ap-
from the trapped electron. Alternatively, the exciton may de-plied to Be-pair traps because one of the atoms is interstitial.
cay nonradiatively. Further, though the overall Be trap is neutral, each member is



4438 KIM, HERMAN, MOORE, HALL, AND BEVK 53

4 - 8 3 SUBSTITUTIONAL Be INTERSTITIAL Be
- ] (~2e) (+2e)
5 ] SUBSTITUTIONAL Be INTERSTITIAL Be 6 ]
] M
— = 2
3 3
> > 07
Q9 Q -
o o 4
H -2
] ul 9
-6 ..
] -8 _
- 10 ] T T T T T L T T T T T - 10 ]
-6 -4 -2 0 2 4 6
DISTANCE (A)
4] 4
2 3 SUBSTITUTIONAL Be INTERSTITIAL Be 2 E SUBSTITUTIONAL Be WTERSTITIAL Be
o ] 0
3-2 372
> -4
@ =4 ] g
W Ll
=4 7 Z -
b_g 4 w
] -8
-8 b
] -104
=104 ]
. -12
-12 AL L LA S L B S B B B R R

DISTANCE (A)

FIG. 7. Four models examined for analyzing the binding mechanism of the isoelectronic exciton bound to the Be Sl pair. The double-
potential-well mode[(a) modelA; sum of equivalent potentials about the substitutiona{d@shed linesand interstitial Bgsolid lineg] and
the single-potential-well mode[gb) model B; potential centered at the interstitial Beolid lines, modeB1) or in the middle of the pair
(dashed lines, modé2)] are not based on Coulomb interactions. In one Coulomb potential h@iehodelC], the Coulomb potential is
created additively by both the substitutional Be ien2e) and the interstitial Be iori+2e); this creates both a barrier and well for the
electron(and hole, whose potential is the negative of that shownanother Coulomb potential modgt) modelD], the chargd+2e) of
the interstitial Be ion creates a Coulomb potential well for electr@oadid line) and the effect of the other ion is ignored, and the charge
(—2e) of the substitutional Be ion creates a well for holésashed ling and the effect of the other ion is ignoreek=¢, (a constantis
assumed in the potentials depicted(@n and (d).

probably not. Reference 3 states that the substitutional Be The Schrdinger equation is solved by the variational
species has charge2e, while the interstitial species has method, with a trial function:
charge+2e. s 1

Four different models will be examined, which are illus- u(r)=(ylm)= exp(—yr), (4)
trated in Fig: 7._In each case the Hamiltonian describing,\,here),iS the variational parameter.
electron binding is

ﬁZ
H=<_2me

1. Models not based on Coulomb interactions

In modelA, it is assumed that the interstitial atom creates
the same potential well for electrons as does the substitu-
tional atom, and Coulomb interactions are ignofdig.
whereV is the potential describing the interaction of an elec-/(@]. Therefore the same potential is used to bind electrons
tron with a Be atomr is the vector from the interstitial Be (O €ach species in the Be pair. A double-potential-well model
atom to the electron and is that from the interstitial to " the one-band approximation is used, with each equivalent,
substitutional Be atom; their magnitudes arandd, respec-  SPherically symmetric well having the form
tively. The subscriptd and s refer to the interstitial and ~V (r=a)
substitutional Be species, respectively. This equation can Vj(r)= —V(a-/r)3j (r=a) 5)
also be used to describe the binding of the hole to the trap. ] G
The appropriate effective masses of electromsand holes whereV is well depth, andj=s,i. This form was used in
m;, are used. Refs. 20 and 21 to analyze exciton binding to pairs of neutral

V2+Vi(r)+Vg(r+d), ©)
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substitutional isovalent atoms. The short-range portiormass. This choice seems appropriate when the electron states
(r=<a) of this potential is due, in part, to the pseudopoten-are assumed to be Bloch states at the minimum of the con-
tial difference between the bulk and impurity atoms and thejyction band.

long-range portioni(>a) is a tail caused by strain effects. As the pressure is increased, the width of each potential
The wells for the two Be atoms are separated by a distdnce || decreases, which increases the level energy, and the

The_hole is assumed to bind to the bound electron byye\is move closer together, which decreases the energy. The
Ee.n=43 meV, which is assumed to be independent of presg4 in Fig. 6 can be fit very well by using the above-stated

sure. pressure dependencesaofindd, and a well deptlv=6.167

Following Refs. 20 and 21, the radius of the potential at . : '
ambient pressure is set equal to half the nearest-neighbgrv that is nearly independent of pressufnere is a very

distance. sa.=1.18 A. From Ref. 3. the distance between Small region where, because of the overlap of the two wells,
two Wellé at e(l)mbi.ent p.ressud% is s.et,equal to 1.9 A, which the potential depth is 12.33 eV. This overlap has only a minor

is the separation that makes the Be Sl pair along[ta]  €ffect on the resuits.

direction the most stable. It is assumed that the radius of this 1€ Zeéro-phonon PL peaks disappear around 60 kbar,
potential,a, and the distance between the two Be atodhs, which means that at these higher pressures either the electron

both change with pressure in a manner proportional to th& O longer bound or the hole no longer binds to the trapped

fractional change in the silicon lattice constant. This gives €lectron. The line in Fig. 6 describing the binding energy of

P
a=a, 1—£>, (69
d=d0(1—3%), (6b)

respectively, where the bulk modul@s=980 kbar*

Since Eq.(3) is similar to that for the ionized hydrogen

a trapped electroi, vs pressure for peak extrapolates to
zero at the “ionization pressure” of 66 kbar. This is consis-
tent with the prediction of the double-potential-well model
with the above fit parameters, which shows that there are
bound states for the electron only for pressures below 67
kbar. Since the PL intensity vanishes for pressures approach-
ing ~60 kbar(9 K), this suggests that at these pressures the
electron is no longer bound to the trap.

The possibility of electron trapping, and consequently ex-

molecule, the variational methods used to find the energygiton formation, is very sensitive to the depth of the poten-

levels for H,* are employed her€ along with the potential
given by V(r)+V(r+d), using Eqg.(5) and the trial wave
function given byW(r)=[u(r +d)+u(r)/[2(1+9)]*2, where

u(r) is given by Eq.(4) and S=(u(r +d)|u(r)).

tials in modelA. At ambient pressure, electron binding to the
pair trap is possible only for well depths>5.831 eV.

This double-potential-well model suggests that the reduc-
tion in the binding energy of the trapped electron can be

The binding energy of the trapped electron is obtained byyyihyted mostly to the contraction of the dimensions of

minimizing
Ee=((u(n)[H[u(r)+(u(r+d)[H[u(n)))/(1+9), (7)
which is

Eo=—129%12m+ (A%y?Ime+ yA+B+2C+D)/(1+9),

(8)
where
S(d)=(u(r+d)Ju(r))=(1+ yd+ y2d?/3)exp — yd),
)
A(d)=(u(r+d)|1/r[u(r))=y(1+ yd)exp — yd),
(10
B(a,V)=(u(r)|V(r)|u(r)), (11
C(a,d,V)={u(n|V(r)|u(r+d)), 12
D(a,d,V)=(u(r+d)|V(r)|u(r+d)). (13

a, d, andV are pressure-dependent parameters.

wells about each Be atondV/dP is very small,~—0.5
meV/kbar ([dV/dP]/V=-0.01%/kbay for each potential
well of the Be Sl pair when the geometric mean of the prin-
cipal effective masses is used in the model arehdd vary
with pressure. If, instead, it is assumed thaandd do not
vary with P, then [dV/dP]/V would be —0.08%/kbar,
which is still relatively small. In contrast, the depth of the
potential well about a simple substitutional isoelectronic im-
purity appears to depend on pressure more strongly. For ex-
ample, the PL spectra obtained at different pressures can be
fit well only if [ dV/dP]/V=—1.55%/kbar for GaAs:N and
—0.5%/kbar for GaP:N820

Model B assumes a single potential well of the form of
Eq. (5 [Fig. 7(b)]. The electron binding energy is
E.=(u(r)|H|u(r)), with the trial wave function given by Eq.
(4). Two cases are considered here. In md8ig| there is a
single well about only one of the Be atoms, which recognizes
that the two Be atoms probably bind the electron differently.
Since it is likely that the electron binds to the positively
charged interstitial Be specieg;(r) is given by Eq.(5) and
V(r) is assumed to be zero. This giv€s=11.513 eV with
a=1.18 A at ambient pressure, which is half the nearest-

Since the conduction-band edges are not isotropic at theeighbor Si-Si distance. In mod&2, a single well repre-
Brillouin zone center but spheroids oriented along thesents the overall potential of the electron to the pair of Be
equivalent{100] in the Brillouin zone, the appropriate elec- atoms, and so it is similar to modal Model B2 fits the data
tron mass is assumed to be the geometric mean of the prinvell for V=3.678 eV anca=2.13 A; here, 2 is the distance

cipal effective massesn,= (mm,»¥3=0.32m,.2* The lon-

between Be atomél.9 A) plus twice the radius of the po-

gitudinal effective mass ism;=0.92n,, the transverse tential on either sid¢1.18 A). ModelsB1 andB2 can both

effective massm,=0.19m,,'% and m, is the free-electron

be fitted to the data i& is assumed to scale with pressure as
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in Eq. 6a). Again, V is found to be nearly independent of changes with pressure, and each attributes the disappearance

pressure; @V/dP]/V=+0.002%/kbar for modelB1 and of PL above~60 kbar to the detachment of the electron from

—0.1%/kbar for modeB2. the trap.
Electrons bind to a single potential well only for

V>11.158 eV(model B1), which is much deeper than the

potential depth assumed for the double well in mo&leThe In modelsC andD, the charged particles bind to the trap
very large well depth(in each modalmay partially explain only by Coulomb interactions. It is assumed that the charge

why excitons in Si often bind to isoelectronic impurity pairs of each Be ion is unn‘ormly d'St”bUte.d In qsphencal volume,
. . " so the Coulomb potential well for either ion is
or complexes rather than to single impuritig3he well

2. Models based on Coulomb interactions

depthsV for GaAs:N and GaP:N are 2.112 and 1.15 eV, Ze? (3 172
respectively®2) T ea (5_ 5 ;) (r<a)

The binding energy of the hole to an electrigg, that is V(r)= ZeJZ ! 14
bound to a single well can be determined by assuming that T (r=a),

the hole interacts only with the Coulomb potential of the
electron; details are found in the Appendix. In this calcula-wherea; is the ionic radius of the respective Be atom and
tion the electron wave function obtained in the above variais the dielectric function. The dielectric functiasr) used
tional analysis is used unchanged and the hole wave functiohere assumes screening:
is assumed to have the form of B¢,), with variational pa-

: : 1 1 1
rametery instead ofy. The effective masses used here are = +A'e U (1-Al)e ' — — e % (15
me=0.32m, for the electron anan,=0.40m, for the hole3 e(r) € €o
and the dielectric constant for bulk $=11.4 is used in where the four parametefs, «;, a,, anda; for Si are given
Coulomb interaction®® Since the electron is trapped very in Ref. 25. For the substitutional Be idBe’"), Z,=—2and
near the well, the size of the exciton is determined mostly bya,=1.06 A% which is also nearly equal to half the Si-Si
the Bohr radius of the hole #/ (1/y=3.2 A at 1 bar and 3.4 bond distance1.18 A). For the interstitial Be ion(Be&*"),
A at 50 kbar for modeB1 and 4.9 A at 1 bar and 6.0 A at 50 Z;=+2 anda;=0.35 A% The same expression can be used
kbar for modelB2; for comparison, Iy=3.4 A at 1 bar and for holes, with appropriate changes in masses and the sign of
3.8 A at 50 kbar for modeA.) For modelB1, E, ,=36 meV the potential. The attractive potential of the interstitial Be ion
and 15=18 A and for modelB2, E.,=32 meV and (f_or eIectror_1$ is deeper and more localized than the rgpul-
1/7=20 A, using Eq.(A7). E.,, and 1k are essentially in- SIV& potential of the substitutional Be ion. Tarnaet al.

dependent of pressure. Both valuesgf,, are smaller than suggested this as the reason why electrons, and not holes,

the experimental value, 43 meV. For a perfect acceptor, i.ePind first to the trap. _ , _
In modelC, the electron interacts with both ions through

assuming the electron radiusy#0 A, the calculation gives ; . S
_ . _Egs.(3) and(14) [Fig. 7(c)]. The trial wave function is Eq.
E.n=42 meV. (Although these calculations were not per (4) centered at the potential minimum, which is also the po-

formed for the more complicated case of modelEe., for sition of the interstitial ion(Even though the Coulomb po-

modelA shoqld be similar to that for mpdaz.) tential of the Be pair is not spherically symmetric, this trial
The experimental valuB,.,=43 meV is known to corre- g, ion should still be satisfactory for examining the exist-
spond to a perfect acceptor radius of 22 A when the fl66 ence of the bound statg&Nith this potential ande=e(r) or
Hamiltonian(with heavy holes, light holes, and electrons of €, the binding energy of the trapped electron
both spingis aPP“e_d‘-l'zS ModelsB1 andB2 would predicta g _—y(r)|H|u(r)) is positive and the electron does not have
slightly smaller radius, apparently because the electrons anghy hound states about this pair trap; the hole also does not
holes are considered to be decoupled. Therefore any deteing to this potential. Moreover, neither electrons nor holes
mination of exciton radius here is an underestimate. bind to this potential if it is assumed that the ions are point-
As the distance between the electron and hole decreasdike ions (a;=0). This is clear from the binding energy from

eventually becoming shorter than the nearest-neighbor dissariational analysigwith e=¢):
tance, the value of in the Coulomb potential decreases from » 2 )

the bulk value 11.4 down to 1. Including this screening effect _hTy" 2e v 1-(1+yd)exp(—2yd)
as a spatially dependent dielectric functierin modelsB1 £ 2m, e d

andB2, instead of the dielectric constagy, should increase

Een, bringing it closer to the experimental valugthis  g|ectron binding is assumed to be so tight that it is reasonable
screening effect is used in Sec. IV B 2. to assume that=1 and m,=m, (vacuumlike conditions
_The change irE.., and 7 with pressure can be deter- hen the modeC potential leads to very tight electron bind-
mined by utilizing the changes in the electron wave functioning at ambient pressurd/y=0.27 A, assuming eithes; as
with pressure. For both modeB1 andB2, the fractional  apove or pointlike chargesHowever, then the electron bind-
change inE..,, is found to be less than 0.1%/kbar and theing energy, 39 eV, is much too large. éfand m, are inter-
Bohr radius of the hole is seen to be essentially unchangegblated between these bulklike and vacuumlike values, then
with increasing pressure. Similarly, it is safe to assume thatnodel C gives the ambient pressuig, for e=3.33 and
E..;, does not vary with pressure in modél m.=0.85m, (1/y=1.3 A); however, the binding energy is
ModelsA, B1, andB2 each can be used to describe howvery sensitive to small changes in these parameters, and this
the binding energy of an exciton bound to the S| Be trapmodel does not seem plausible.

. (16)

If instead of these bulklike assumptions ferand m,,
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In the single Coulomb potential modBl [Fig. 7(d)], the APPENDIX: CALCULATION OF Eg.
electron is affected only by the attractive potential of the
interstitial Be ion(andV,=0). This model can also be used
to examine binding of the hole to the trap, by using the
attractive potential of the substitutional Be i¢and V;=0). ( 72

The Hamiltonian for a system composed of a hole inter-
acting with a trapped electron is

The variational calculation using(r) and the effective H=| - >
masses shows that the binding energy of a k@8 meV is My
larger than that of an electrad 75 meVj; this arises prima- whereV,_,, is the Coulomb interaction between the electron

rily because the mass of the hole is greater than that of thgng hole, and, ,=r.—r,. The wave function of this system
electron. The relatively deep attractive potential for the elecig =up(r)ue(re), Whereuy(ry)=(7mY?exp(—5r;) and

tron has a much smaller effect on binding than the effectivg, (r )=(y*m)'2 exp(—yr,) are the wave functions for the
mass. This is clear from first-order perturbation theory, usinghole and the electron, respectively. Hepeis a variational

Va+Ven(Ten), (A1)

€=¢, for which the binding energy is parameter and is already known and is assumed to be un-

,13.6 eV 4 (a2 affechted by tﬁe interaction with the hole.

Ep=2>—%— —|1-=|—| |, 17 ThenE.,=(yiH|y) or
60 mo 5 aB
232 ,2.3.3 — 29T em— 271,

wherea, is the radius of an ionic Be atorag is the Bohr  E_ ()=~ he_ e772_7 f f e " o P,
radius, andn* is the respective effective mag§or e=¢,, 2m, 7€ [Fe= Tl
both the variational calculation and first-order perturbation (A2)

theory give 130 and 170 meV as the binding energies for anfter letting pn=27r, andp.=2yr,, the Coulomb interac-

electron and a hole, respectivelfthe “acceptorlike” char-  tion energy between the hole and the trapped electgg,is
acter of the Sl pair cannot be explained by this model.

Neither Coulomb model seems to describe exciton bind—V (n) e?y’ f f e Pee” (77)pn o A3)
ing well. e-hl77)= 25e,m2y? [pe—pr PeU™ph -
V. CONCLUDING REMARKS Using the analogy in electrostatics, this expression can be
o ] ) ) ) rewritten as
The binding of excitons to isoelectronic Be Sl pair traps
in Si has been described by adapting the HTL model to this e?n’ a3
isoelectronic dopant and to the conditions of hydrostatic Ve-h( ’7)=W ®(pp)e"Vnd py, (A4)

pressure and by using it to examine the PL spectra of Si:Be

under pressure. The electrons appear to be bound to the Béere

pair by an interaction that can be modeled either as a double

well or a single well in the one-band approximation, with (pn)= 4_77 f”hefpe 24 +41-rf
1/r® tails. The depths of the wells appear to be relatively h PeliPe
independent of pressure. The binding energy of this trapped =~

electron decreases with increased pressure at a rate of 0.78is gives
meV/kbar, assuming that the energy required for separating a

hole from a trapped electron is 43 meV. This model explainsve ()= 5
both the change of exciton energy with pressure and the dis-~ 2egy
appearance of PL above60 kbar. Models based on Cou-
lomb interactions between the Be ions and electrons an
holes are inconsistent with these observations.

[’

e Pepedpe. (A5)
Ph

62173 .
fo [2—e Pn(p2+2)]e "Vrrdp,. (AB)

Ysing this in Eq.(A2) gives

. ( ) 772%{2 627]3 1 372 (A7)
()= S| 72~ 7 z)-
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