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Concentration dependent and independent Si diffusion in ion-implanted GaAs

T. Ahlgren* J. Likonen! J. Slotte, J. Riaanen, M. Rajatora, and J. Keinonen
Accelerator Laboratory, University of Helsinki, P.O. Box 43, FIN-00014 Helsinki, Finland
(Received 25 March 1997

The diffusion of silicon has been studied (100 GaAs implanted with X 10™® 40-keV 3°Si* ions/cn?.
The Si concentration profiles were measured by secondary-ion mass spectrometry and nuclear resonance
broadening techniques and the defect distributions by the Rutherford backscattering spectrometry channeling
technique. The implanted samples were subjected to annealing in argon atmosphere in the temperature range
650 °C-850 °C. Two independent silicon diffusion mechanisms were observed. Concentration independent
diffusion, observed as a broadening of the initial implanted distribution, is very slow and is assigned to Si
atoms diffusing interstitially. Concentration dependent diffusion with low solubility and extending deep into
the sample is quantitatively explained by diffusion via vacancies of Si atoms in the Ga and As sublattices.
Diffusion coefficients together with carrier concentration as a function of Si concentration are given at different
temperatures. The solid solubility of Si in GaAs has been determined and an exponential temperature depen-
dence observed. An estimate of the amount of Si atoms residing on either Ga or As sites and the amount of
SigsSias pairs is given. Finally, a fast method is presented for solving the diffusion equation numerically.
[S0163-182697)03331-§

[. INTRODUCTION ated in the surface region. The impurity diffusion therefore
becomes dependent on the local vacancy concentration. The
Silicon is the maim-type dopant used in GaAs, and it is third model is the Fermi-level effect model proposed by Yu,
usually incorporated into GaAs by ion implantation or by Gosele, and Tan® which incorporates the experimental re-
diffusion employing an external source. The diminishing sizesult that Si is an amphoteric impurity. In this model, it is
of the submicrometer devices calls for the use of ion implanassumed that $i, and Siy, diffuse via pairing with Ga and
tation to control the depths and amounts of impuritiésn  As vacancies, respectively, while the{SiSi 5 pair does not
implantation is also the only convenient way of introducing diffuse. It should be noted that this assumption is just the
impurities exceeding the solid solubility limit; however, ion opposite of that invoked in Greiner’s pair diffusion model.
implantation studies have earlier been done only for concen- The purpose of this paper is to explain both high and low
trations under 18 atoms/cn?.?* The diffusion of silicon in  concentration Si diffusion in GaAs. The solid solubility of
GaAs utilizing external diffusion sources has been extensubstitutional Si in GaAs as a function of temperature is
sively studied over the years. Both Vieldrahd Antelf re-  given and the observed exponential behavior is explained
ported the effect of arsenic pressure on the diffusion ratesjualitatively. The implantation dose used in this study is
Greiner and Gibbofisand Kavanagtet al.” have shown that considerably higher than in earlier studies and the annealings
the diffusion is concentration dependent for high Si concenalso extend to lower temperatures. By ion implantation, we
trations. In the case of low Si concentrations, Schueeal®  avoid complicated surface diffusion and the longer annealing
obtained diffusion coefficients that were concentration indetimes, compared to RTArapid thermal annealing ensure
pendent and two orders of magnitude smaller than those olsteady-state diffusion. We also present a fast method of cal-
tained for high Si concentrations by Greiner and Gibbbns. culating the diffusion profiles and use it to fit the theoretical
Deppeet al>*° observed that Si diffusivity is strongly influ- model to the experiments.
enced by doping of the GaAs substrate.
Three models .have been proppsgd ir) thg literature tq de- Il EXPERIMENT
scribe concentration dependent Si diffusion in GaAs. Greiner
and Gibbon® suggested a model in which rapid diffusion ~ Commercially prepared samples of undopgd,00)-
takes place when two Si atoms are located on nearestriented single-crystal GaAs were implanted by using the
neighbor Ga and As sites making a neutral donor-acceptdt00-kV isotope separator at the University of Helsinki. The
SigSias pair. This model is charge neutral and thus inde-40-keV room-temperature implantations to total fluences of
pendent of the Fermi level; therefore, the diffusion profiles1x 10 3%i* atoms/cnt were performed in vacuum
should not depend on the doping of GaAs. However, thé¢10~* Pa, where thg100) crystal axis was tilted 7° off the
experiments of Deppet al° clearly show that the doping beam direction.
species and concentrations have a significant effect on the The annealings were carried out in a quartz-tube furnace
diffusion profiles of Si atomé& Kavanagtet al? proposed a in Ar atmosphere at a pressure f660 torr. During the
vacancy concentration gradient model. In this model, it isannealings, performed in steps of 50°C, in the temperature
assumed that the vacancies diffuse from the capping layenterval of 650 °C to 850 °C, the samples were encapsulated
and substrate interface into the substrate at a finite rate. Uilpy GaAs wafers to minimize impurity buildup on the GaAs
der such conditions a nonuniform vacancy distribution is cresurface and the possible loss of arsenic. The annealing tem-
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peratures were measured with a calibrated chromel-alumel

thermocouple in close contact with the samples. 40| 850°C, 30 min -
The *H* and “He* ion beams used as projectiles in the | ——— First term, eq.(4) 7

nuclear resonance broadenifi§RB) and Rutherford back- — Al terms, eq.(4) -7

scattering spectrometryRBS) channeling measurements —r30f ~ 7~ B-M analysis g

were generated by a 2.5-MV Van de Graaff accelerator at the g~

University of Helsinki. The concentration profiles 6fSi, g I

measured by the NRB method using the sharp 619.6-keV|—q-nzo =

resonance in the reactiotfSi(p,y) *}P, were used to nor- w*

malize the secondary-ion mass spectromésimS) profiles. a I

The implantation-induced defects were studied by RBS/ 10 |
channeling with 1.5-MeV*He* ions. The calculation of the
displaced atom distributions was based on the single-

scattering double-beam approximation described in detail 0 : .
elsewheré*!® Conventional procedures for NRB and RBS 00 05 10 o 18 20
measurements and data analysis were utitfzadd the stop- Si concentration [10™at./cm’]

ping powers of Ref. 17 were employed. N N .
- : FIG. 1. The effective diffusion coefficieri2;" as a function of
The SIMS depth profiling was performed at the TeChmcalsiIicon concentratiorC; for the 850°C 30-min annealing. Either the

glel\jga:?g lCenteer\;v(I)th ?rhdofgls I?%usf’mg. magnetlc SEth{rst term or all terms in Eq4) have been taken into account. Also
( onex S. e 10-ke primary 10n Cur- o reqult obtained by the Boltzmann-Matai@M) analysis is pre-
rent was typically 50 nA during depth profiling and the ion

sented.
beam was raster scanned over an area of<BWD um?.

The negative secondary iorSSi~ and ®Ga” were moni-  As vacancies change with the Fermi-level position. The ex-
tored during depth profiling. Crater wall effects were avoidedyinsic Si diffusivity become'$
by using a 10 % electronic gate and 1-mm optical gate. The

pressure inside the analysis chamber waslB 8 Pa during o . (N)®
the analyses. The depth of the craters was measured by a Dseg=DsetDse nl
Dektak 3030ST profilometer after SIMS analysis. The uncer- @)
tainty of the crater depth was estimated to be 5%.
3
_ N3
Ill. DIFFUSION MODEL DSA_DSA( ni) !
A. Diffusion equation wheren; is the intrinsic anch the extrinsic electron concen-
The model outlined below is developed using the procelration. _ - o

dure of Yu, Gsele, and Tah® which is based on the influ- The general concentration dependent diffusion equation is

ence of the Fermi level on Si diffusion. An important as-

sumption in this model is that Si is an amphoteric dopant in -
GaAs and can occupy either a Ga site or an As site. These gt ox
substitutional Si atoms then diffuse via Ga and As vacancie
_The amount of vacancies_(_jepends on the_Fermi Ie\_/el, whic orresponding diffusion coefficient. From E@®) it may be

In turn depends_ on t_he silicon concentratlon. Det{;uls Qf thenoted that the diffusivities are functions of electron concen-
procedu_re are given in the.Appendlx. The results given in th?ration n, while in the diffusion equation the coefficients de-

Appendix are used extensively and the reader may refer to Bend on the silicon concentratidfor the relation between

as necessary. : . . i
The silicon diffusion rate depends on the vacancy concengir;dncctéesﬁeig;? (f'g :)ﬂ'}g t:qikfi‘lngcgﬁ' dT;E ei(f)fre]g“(;/i?fudg;u
tration and the migration of the vacancies in the crystal. The h As g

present results and the conclusions of Yus&e, and Tan V'@ Vacancies becomes
show that for best fits to the experimental data, only vacan- Dot VDSA_ (Dsa—Dsp) dv

aC, 9 aC,
—= ( (Co—| )

ax

hereC, is the total dopant concentration aB{C;) is the

ciesVY,, V2., andV3 need to be taken into account, giv- D= T 1557 50~ *(DsctDsn),
ing the diffusivity of Si atoms in Gallsg) and As Ds) Ty (147" G @
sublattices, respectively
where the electrical compensation rétip, « = dC,/dC,
Dse= Dvga'[V%a]vLDVg;'[V?é;] and Si-pair concentratio€, are defined in the Appendix.

1) Figure 1 presentﬁ)f’ff as a function ofC; for the 850 °C,
30-min annealing, where either all terms or only the first
Dsa=Dy3--[V3c], term in Eq.(4) have been taken into account. It can be ob-
hs served that the contribution of the second and third terms is
whereD is the diffusion constant and the terms in the brack-pronounced, contrary to the conclusions of Yu,s€le, and
ets denote the atomic fractions of the vacancies. The neutrdlan, where only the first term was taken into account. In the
Ga vacancy concentratiqrvOGa] is unaffected by the Fermi figure, the result obtained by Boltzmann-MatatiBM)
level, while the concentrations of the triply charged Ga ancanalysis® is also plotted. The difference between the BM
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FIG. 2. The plot shows one iteration of a concentration profile.

Iterations are stopped when the difference ofthealues is within
a preset tolerance.
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FIG. 3. RBS/channeling spectra for the as-implanted and
500 °C 1-h annealed sample together with the random(a06)
virgin spectra. In the inset are shown the corresponding displaced
atom distributions.

analysis and the result given by the diffusion model is here _ N
proposed to be because of interstitial atomic diffusion, fur-vacancy fraction constank(), and the pairing constankg)
ther discussed in the results. In the present study all terms @fefined in the Appendix and the intrinsic carrier concentra-

Eq. (4) were taken into account.

B. Iteration of the diffusion profile

tion (n;). As a starting point, the concentration and depth
values are approximated by the experimental profiles. From
these concentration values we calculate the electron concen-
trationn numerically from Eq(A7), (Appendi¥, using input

Solving the diffusion Eq(3) numerically by the usual flux  \ajyes for parameter andn;. The n values are used to
method is very time consuming. Therefore, we have develgaicyiate the effective diffusion coefficient for every concen-
oped a new method of calculating the depth profiles. By ation using Eqs(2), (A12), (A15), and(4). The theoretical

doing the transformatidfl = x/2.t, we can rewrite Eq(3)
as an ordinary differential equation

dC d dC
‘Zmza}(mcm)- ®

By integrating Eq.(5) with respect toz, and taking into
account thaD(dC/d%) = 0 whenC = 0, we obtain

2fcl dC—[ dc C=C1—(Ddc) 6)
0 7 dn dy czcl'

By introducingx andt, replacing the derivativelC/dx by
AC/Ax, and rearranging terms we get

C=0

_ —2D(G)AC

AX(Ci)— fCiXdC (7)
0

We can now iterate the depth profiles numerically from Eg.

depth profile may now be calculated employing EQ. and
compared with the experimental profile. New parameters are
given and the iteration is continued until a satisfactory fit is
obtained.

IV. RESULTS AND DISCUSSION

In the present experiments the annealing times are rela-
tively long compared with the heating and cooling times.
This makes the diffusion parameters more accurate than
those obtained by RTA, which has been employed in most
previous studies. It has been shown in many
experiments®12212%hat the encapsulant material largely af-
fects the impurity diffusion rate. For samples where the en-
capsulant functions as a diffusion barrier for As, the Si dif-
fusion proceeds faster due to the high concentration of Ga
vacancies. Here we used GaAs wafers as encapsulants to
minimize the loss of As from the sample.

The damage induced b3’Si* ion implantation and an-

(7) by defining a monotonically decreasing vector of concennealing of the crystal disorder were studied using RBS/

tration values and then calculating the corresponding diffuchanneling. Figure 3 shows the RBS spectra obtained by
sion constants. By successive iterationx oflues, we geta 1.5-MeV *He™ ions for the as-implanted and 500 °C 1-h
more accurate solution to the diffusion equation, as shown imnnealed samples, together with random &h@0) virgin
Fig. 2. The numerical solution of the diffusion equation with spectra. In the inset, the corresponding displaced atom dis-
this method takes only a few seconds, thus the search fdributions are shown. For the as-implanted sample, we have a
diffusion parameters by least-squares fitting is possible. Thisomplete loss of crystalline structure to a depth of about
method for solving the diffusion equation is well suited for 80 nm. It can be noted that already Wil h annealing at
steep diffusion profiles. All of the fitted parameters in the500 °C, the lattice has recrystallized and the defects an-
present study have been obtained by this method. nealed. This indicates that the silicon diffusion at depths
The fitted parameters are the three diffusion coefficient@bove 100 nm occurs virtually in a defect-free crystal.
in Eq. (2), the silicon solid solubility in GaAs ), the Figure 4 shows the results of the SIMS analyses and the
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FIG. 4. The SIMS profiles for the as-implanted and 750 °C 1000/T [K‘l]

1-4-h annealings, together with the fitted profiles. The inset shows
the linear dependence of the diffusion length as a function of the FIG. 6. Substitutional Si solubility in GaAs as a function of
square root of the annealing time. temperature.

numerical fits for the 1-4-h 750 °C annealings. It can be |, Fig. 5 the Arrhenius plots for the intrinsic diffusion
observed that the diffusion length increases with time and thgefficients in Eq.(2) are presented. These are well de-

solid solubility is about 16° atoms/cn?. The agreement be- ¢riped by the Arrhenius equati@= D 4exp(—E./ksT). Do

tween the experimental profiles and the theoretical fits igq the pre-exponential factoE, is the activation energy, and

good. In the inset the diffusion length is plotted against the_ is Boltzmann's constant. Our diffusion coefficients can be

square root of the annealing time. The diffusion length iscompared with results by Yu, Gele, and Taf obtained at

defined here as the depth interval from the beginning of th%15 °C, D%e~2nnfls, DI,~3x10%nnt/s, and

concentration dependent diffusion region, i.e., at about 16 %_G~4X10,5 nn/s. It can be observed that the values for

nm, where the annealed profile starts to deviate markedly 3 3 . .
from the as-implanted profile, to the end of the profile where}SSG andDg, in Ref. 13 are somewhat higher than our val-

the Si concentration has decreased to the background levél®S vgherea@agie is lower. The present activation energies
The vacancy concentration-gradient md@eissumes that for DsgandDs, are in close agreement with those obtained
the vacancy concentration is highest near the surface arfy YU, Gosele, and Tan. Our calculations give a value of 2.3
decreases into the sample, predicting a depth-dependent dgV for the activation energy @3, which is clearly smaller
fusion coefficient. This is in contradiction with the result in than the value of- 5 eV obtained in that study. Yu, Gele,

the inset of Fig. 4, from which it can be observed that theand Tan have associated B term with Ga self-diffusion
diffusion length is proportional to the square root of the an-in GaAs because this process is characterized by an activa-

nealing time; i.e.D is not depth dependent. tion energy of 4-6 eV>~2° Theoretical calculations by
Chen, Zhang, and Bernhdlcfor Ga self-diffusion are in
Temperature [°C] close agreement with these experimental values. Our result
850 800 w50 700 850 for the activation energy oD%‘G is clearly smaller than that
l l I 1 l of Ga self-diffusion and thus does not support the idea of
100__\\ o linking Sig, diffusion to Ga self-diffusion. Our value for
\Dﬁ’g' z g:ggeﬁ’ nm?/s D%‘G is, however, consistent with the activation energy of 2.6
[ ° eV obtained for théSig;Vg,) 2~ complex by Chen, Zhang,
o2l A\ and Bernhol@’ They studied alsdSigsVgy) ~ and (Sigs
\ Vs © complexes, but théSig Vs, 2~ complex has the
R.74 eV N lowest formation and migration energies. We also made
— 4.67¢9 nm®/s

some calculations using singly charged gallium vacancies,
instead of triply charged ones. However, the resulting diffu-
sion fronts were too steep.

Figure 6 shows the present solid solubilities of Siin GaAs
together with the literature valu8<;'%2*where the solubili-

107

E, = 2.28 eV
- D, = 5.92e6 nm?®/s

Diffusion coefficient [nm?/s]

10| ties were approximated by extrapolating the Fermi-level-
550 555 760 705 o dependent diffusion profiles to zero depth. The solubility is
1000/T [K'] ;)bserved to increase exponentially as a function of tempera-
ure

FIG. 5. The Arrhenius plots with the corresponding activation
energies and preexponential factors for silicon atom diffusion via
gallium and arsene vacancies. Co=(A+Bx10e“*T)10'8 atoms/cm, (8)
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FIG. 7. The fitting parametet$, Eq. (A3), pairing constank , ) ] o
Eqg. (A11) and the intrinsic carrier concentration, Eq. (A6) as a _FIG. 8. Error _functlon fitted to the concentration independent
function of temperature. The dashed lines are fits and the solid lingiffusion broadening for the 750 °C 4-h annealing. The dots are the
is drawn to guide the eye. values obtained after subtraction of the concentration dependent

diffusion fit, as indicated in Fig. 4.

whereA~5.5,B~5.7, andC~ —1.44 eV. This behavior can

be explained by the exponential increase of vacandles, annealing is illustrated in Fig. 8, where the interstitial solu-

exp(—E/KT) as a function of temperature, increasing thebility limit is about 3% 107° atoms/cm. (The uncertainty of

number of possible substitutional sites Si can occupy. the experimental depths makes the determination of the solu-
In Fig. 7, we have plotted the fitting parameters: Vacanc}bi”ty values difficult) The interstitial diffusion shows a

fraction constanK, Eq. (A3), the pairing constark,, Eq. fairly good Arrhenius behavior with an activation energy of

(A11), and the intrinsic carrier concentration, Eq.(A6) as 1.7 €V, as seen in Fig. 9. Based on these calculations it
a function of temperature. BottK parameters exhibit Seems that the theoretical diffusion models presented in the
Arrhenius behavior with activation energies of 1.0 égr literature need the effect of the Si interstitials to be included.
K) and 1.5 eV (for K,), respectively. The result of Yu, The inclusion of interstitials may also resolve the difference
Gosele, and Tal for the parameteK at 815 °C is about between theory and experimental results concerning the ex-
10%7cm®, which may be compared with the present value ofistence of\/ig vacancies, which according to theoretical cal-
about 2x 1677/cm®. The difference in the activation energies culations of Baraff and Schier”® do not exist.

for K obtained in this study and in the work by Yu, Gse, Figure 10 presents the theoretical electron concentration
and Tan E,~ 1.8 eV) may be due to the fact that the pairing given by the present model as a function of the total Si
constanK , was not included in their calculations. The effect concentratiorisee Eq(A7) in the Appendi}, for the 650°C,

of the pairing constant is a slower diffusion rate increase as 450 °C, and 850 °C annealings and the experimental data of
function of Si concentratiorisee Fig. 1, due to the immo- Gwilliam et al2 Gwilliam et al. measured the carrier con-
bility of the growing number of silicon pairs. Yu, Gele, centrations of undoped Si implanted GaAs with the
and Tan obtained their results by fitting the first term of Eq.

(4) to the total Si concentration versus effective diffusion Temperature [°C]
coefficient, Ct—Dfﬁ) curve, which was calculated using 0 850 800 750 %00 850
Boltzmann-Matano analysis. In Fig. 1 are the results from 10 ' ' I I I
the BM analysis given for the present 850 °C annealing.
They explained the decreasefff at the highC, end, with
the influence of the surface states on the Fermi level being =
near the GaAs surface. Studying Fig. 4 in more detail, where + 107! |-
the 1-4-h annealings at 750 °C are depicted, a broadening ol ©
the annealed profiles can be seen in the depth region 110-,
180 nm. This behavior of the curves cannot be explained by
the Fermi-level model. We propose that this broadening is
due to slow interstitial Si diffusion, with higher solubility
than of substitutional diffusion. To quantify this interstitial
diffusion, the contribution of the concentration dependent
diffusion was eliminated by subtracting the Fermi-level dif- .
fu5|on fits from the _annealed curves. A complementary error 10 0.'90 0"95 1’60 105 715
function was then fitted to these subtracted curves. The error 1000/T [K™']

function is the solution of the solubility limited diffusion

equation with a concentration independent diffusion FIG. 9. The Arrhenius plot for the concentration independent
coefficient?® An example of such a fit to the 750 °C 4-h silicon diffusion in GaAs.

nm?/s]
=
0

L= 1.72 eV
1.23e? nm?®/s

1C

103

Diffusion coeff
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— occupies only Ga sites at low concentrations. Above this
e concentration, the amount of Si atoms occupying As sites
o and neutral pairs increases faster than the amount of Si atoms
on Ga sites.

——— 850°C, 30 min

108 ———750°C, 2 h 0
»

| ——650°C, 25 h V. CONCLUSIONS
We have studied diffusion of silicon in GaAs implanted at
room temperature withX 10'® 40-keV 3°Si* ions/cn?. The
implanted samples were subjected to annealings in argon at-
mosphere in the temperature range of 650 °C-850 °C. Con-
130 centration profiles were measured utilizing SIMS and NRB
) techniques and implantation-induced defects with RBS/

Electron conc. [em™]

1017 |
- O Gwilliam et a

. ! . ) . channeling technique. Two independent silicon diffusion
10 10V 10 10%° mechanisms were observed(i) the concentration-
Si concentration [at./cm?] independent diffusion, which is observed as a broadening of
, , . the initial implantation profile, is very slow and is assigned
FIG. 10. Theoretical electron concentrations as a function of thgy gi atoms diffusing interstitiallyii) the concentration-
total Si concentration. The experimental values of G\c{villiatral. dependent diffusion observed in SIMS profiles is quantita-
::\;ﬁnl;een measured at room temperature after 900 °C, 1000-s gy, explained by diffusion of Si atoms via vacancies in the
: Ga and As sublattices. This mechanism results from the am-
differential Hall method at room temperature after thephqteric ”at.ufe of Si apd its effg_ct on the FeTmi level, Dif-
900 °C, 1000-s annealing. Note that theory gives the electrofs'on coefficients, solid solubilities, and carrier concentra-
concentrations at the annealing temperature. In the Si cofions at different annealing temperatures were calculated by
improving the model proposed by Yu, &e, and Tan. A

centration region 18-10"" atoms/cr, the electron con- st method to solve diffusion equations numerically was
centration in Fig. 10 increases due to the growing number o}jaeveloped a d

intrinsic carriers (), as a function of temperatulsee Fig.
7). The electron concentration abovex30'7 atoms/cr is
approximately independent of the temperature and increases ACKNOWLEDGMENTS

linearly with the Si concentration. This can be understood if  This work has been supported by the Academy of Finland
we assume that, at room temperature, the silicon and carriet\Ep|_2 project. Dr. Joseph CampbeiHelsinki University of

concentrations retain their values frozen-in at the a”nealing'echnology is greatly acknowledged for helpful discus-
temperature. ;

The theoretical concentrations of Si atoms on Ga and Assmns'
sites and the Si-pair concentratiofsalculated from Egs.
(A8)—(A13)], are plotted for the 850 °C, 30-min annealing in
Fig. 11. It may be noted that the Si atoms occupy only Ga The simplest chemical reaction describing the change
sites at total Si concentrations under'i@toms/cni. Thisis  over process between §jand S, is

consistent with the fact that Si acts as a donor in GaAs and

APPENDIX

Sig,+ Vet 2e™ - Sipg+ V2, (A1)

—_ '_"" s . Fit to exp. From this rezjction we get the relation between the concen-
”E 1oL trations of Si, and Siyg

o
~ 2

: n<C

+ —5G_ K, (A2)
= Csa

= . ) .

S whereK is defined as the vacancy fraction constant

§ 10 o~ N o

—_ =i i N \

..E ST on Ga s.lte AA\'. \ _ k[VGa] e

o [~ Si on As site A VR

8 N [ As]

o —— Si—pairs Y 0 0 ]
© N ! where[ V] and[Vg,] are the neutral As and Ga vacancies,

10%7 | | | | LN respectively, and is the equilibrium constant for the reac-
150 200 250 300 350 400 450 tion in Eq.(Al). The total Si concentratio(as isolated ions
Depth [nm] and in SigsSia pairy is
FIG. 11. The theoretical calculations of the lattice locations of C;=Csg+Csa. (A4)

the diffused Si atoms for the 850 °C 30-min annealing. At low Si

concentrationgthe deep end most of the Si atoms are on Ga sites. For undoped GaAs the charge neutrality condition is
For high Si concentrations an increasing fraction of Si atoms take

As sites, which also increases the number of Si pairs. n+Cga=p+Csq, (A5)
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wherep presents the hole concentration. For semiconductorhereK, is the pair-equilibrium constant. We may now de-

the following equation holds

(AB)

From Egs.(A2)—(A6) we can write the relation between the
total Si concentratiorC; and electron concentratiam

np=n?.

(K+n?)[n—n?/n]

t— K_n2

(A7)

We now assume that in addition to isolatedSand Six,
ions with concentration€5g and Cg,, respectively, also
SigaSias pairs with concentratio®,, exist. The total Si con-
centration can now be written as

Ci=CsatCsat2:Cyp, (A8)

where
Csc=Csc—Cyp, (A9)
CéA: CSA_Cp' (AlO)

The concentration of pairs can also be expressed by using the, _
equilibrium reaction between substitutional silicon and sili-

con existing as pairs

CoKp=C&cChns (A11)

fine the electrical compensation ratid°as

Csa N2

7" Coe K
The last equality follows from EqA2). The expression for
Cp as a function ofC; can be calculated, from previous

equations, as
1/2}
(A13)

The flux equation for the mobile §j and Siy, ions, with
concentrations G and G5, is

(A12)

4yC?

(CoHKe)*= 2

1
cpzz{(CtJr Kp)—

dCy dCsg
ox O SC gx
Applying Egs. (A8)—(A14) an expression for the effective

diffusion coefficient may be obtained; see E4).in Sec. Ill.
The derivative needed in the E@)) is

IC4p
D¢ SA (A14)

o2 2 (cork,)? i _1/22C+K

act_z 4 ( t p) (l+'}’)2 ( t p)
8yC; 1 2y , Y

T (<1+y>2‘(1+w3 Cioc,) AP
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