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Mutual passivation effects in Si-doped diluted InGa;_yAs; _,N, alloys
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We report systematic investigations of the mutual passivation effects of Si hydrogenic donors and isovalent
nitrogen in dilute InGaAg_,N, alloys. Upon thermal annealing at temperatures abe660 °C, the Si atoms
diffuse assisted by the formation and migration of Ga vacancies. When they find nitrogen atoms, they form
stable St Njs hearest-neighbor pairs. As a result of the pair formation, the electrical activity;fiSnors
is passivated. At the same time, the effect of an equal numbegodtdms is also deactivated. The passivation
of the shallow donors and the,Natoms is manifested in a drastic reduction in the free electron concentration
and, simultaneously, an increase in the fundamental band gap. Analytical calculations of the passivation
process based on Ga vacancies mediated diffusion show good agreement with the experimental results. Monte
Carlo simulations have also been performed for a comparison with these results. The effects of mutual passi-
vation on the mobility of free electrons are quantitatively explained on the basis of the band anticrossing
model. Optical properties of annealed Si-doped InGa4N, samples are also discussed.
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[. INTRODUCTION While a high electron concentration is achieved in Si-doped
InGaAsN grown by molecular beam epitaxy at relatively low
It has been discovered recently that the electronic propertemperaturg~400 °O), during high temperature annealing,
ties of some compound semiconductor alloys are greatly afthe Si donor diffuses on the Ga sublattice until it forms a
fected by the substitution of a small fraction of metallic an-nearest-neighbor pair with a,Natom. The formation of the
ions with electronegative isovalent atoms. Group IlI-V-N Si-N pair deactivates the electrical activities of both species.
materials, in which the highly electronegative N atoms par-As a result the free electron concentration decreases rapidly
tially substitute for more metallic anions in standard IlI-V with high temperature annealing accompanied by an increase
compounds, is the most representative and extensively stuéhi the fundamental band gap. In contrast group VI donors
ied class of such highly mismatched alloydMAs).2 In such as Se or S do not show such a mutual passivation effect
close analogy, partial substitution of group VI anions byin GaAs _,N, because they share the same anion sublattice
electronegative O in II-VI compounds leads to the formationwith N, and therefore cannot form nearest-neighbor pairs
of group 1I-VI-O HMAs? It has been shown that in both with N. Polimeniet al. have shown that the introduction of
cases the incorporation of the highly electronegative anionkydrogen into GaAs ,N, thin films and quantum wells
modifies the electronic structure of the conduction bandeads to the formation of N-H bonds that results in the pas-
through an anticrossing interaction between the localized acsivation of N Subsequent thermal annealing up to 550 °C
ceptorlike states of the electronegative atoms and the exdissociates the N-H bond, completely restoring the band gaps
tended conduction band states of the semiconductoof the nitride layers to their values prior to hydrogenation.
matrix!? On the other hand, a partial substitution of elec-The effects of hydrogenation in this material are very similar
tronegative anions with more metallic isovalent atoms lead$o the well-known H passivation of electrically active dop-
to a modification of the valence band structure through thents in semiconductor§.0On the other hand, the formation of
anticrossing interaction between the localized donorlikeSi-N bonds in the GaAs (N, :Si system results in the mu-
states of the metallic atoms and the extended states of thaal passivation of the Si atoms as shallow donors and the N
valence band of the semiconductor matrix. The valence bandtoms as isovalent impurities. These mutual passivation ef-
anticrossing effects were recently observed in Se- and S-ricfects are thermally stable up to 950 °C.
ZnSq_,Te, and ZnS_,Te, alloys>* In this paper we present systematic studies of the mutual
It has been shown that the modification of the electronigassivation effect in Si-doped J8a _,As; N, alloys. We
structure has a dramatic effect on the electrical activity of thederive the diffusion equation of Si donors, taking into ac-
donor dopants in InGaAsN. An enhancement of more than anount both the Fermi-level independéneutral vacancy me-
order of magnitude in the maximum achievable free electromiated and Fermi-level dependefitharged vacancy medi-
concentration has been demonstrated in Gagfd, thin  ated diffusion mechanisms. The resultant analytical equation
films doped with group VI donor$Se and $°° However, and Monte Carlo simulation show good agreement with the
doping the material with group IV donorSi) results in measured electron concentration. The effect of thermal an-
highly resistive GaAs N, .’ The failure to activate the Si neal on the mobility of free electrons is also studied. Optical
donors in GaAsN alloys has been explained by the mutugbroperties have also been measured and the results are dis-
passivation of Si shallow donors and isovalent N impurifies. cussed.
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o — . . . . R thermal annealing that drives the system to an equilibrium
—In_Ga_As N__Si state with the saturated electron concentration of
10° ¢ —>—In Ga As N :Sj 3 ~10¥cm 2.1 . S e
014 086 0966 0.034 In stark contrast to the behavior of the GaAs:Si thin film,
— 10" [ 7 1n0,0,G8, 66, 6sNo 01258 1 the resistivity of both IpGa, _,As; N, Si films rises rapidly
s —®—GaAs:Si at RTA temperatures higher than about 700 °C. The rise in
% 10° ¢ 10 sec RTA 3 the resistivity corresponds to reduction in the electron con-
£ centration from ~10 cm™3 in the as-grown films to
kz 107 3 ~10" cm™2 in the films after RTA at 950 °C. RTA of the
e 0 h In,Ga, yAs; N, :Si sample at 950 °C for .Ionger time fur-
p——v = 1 ther reduces the free electron concentration in the samples
1ok ] (to <10 cm 3 for 120-sec RTA while no significant
—e—— change is observed in the GaAs:Si sample.
10% , , . , , , In In,Ga _,As; (N, crystals grown at relatively low
300 400 500 600 700 800 900 1000 temperature$~400 °Q by MBE, Si and N atoms are ran-
annealing temperature (°C) domly distributed on Ga and As sublattice sites, respectively

o . _(a small fraction of Si are also expected to occupy As kites
FIG. 1. Resistivity changes with a_lo-sec anngal over a W|de]—he diffusion activation energy for Si in highlytype doped
range9 ofﬁtg}en_wperatures. The totgl Si concentratlc_)n is about aAs is~2.5 ev,lZ which is much lower than the activation
o e o s e, s a8y for N difision in GaAS~3.6 oV (Ref. 19] There
InGaAsN:Se sample is aboumogo o3 fore, we can neglect the diffusion of N in the RTA tempera-
' ' ture range used in this study. Upon RTA, sufficiently high
Il. EXPERIMENT thermal energy is supplied for Si .a.toms tg diffusg in the
crystal to reach lower energy positions. Since N is much
In,Ga  As; N, layers with thickness of-0.5 um were  more electronegative than AS&the Si-N bond is expected to
grown by molecular beam epitaxiBE) on semi-insulating be much stronger than the Si-As bolidTherefore, anyone
GaAs substrates at a substrate temperature480 °C. In-  of the four nearest-neighboring Ga sites of thg Mtoms
dium was introduced to compensate for the N-induced latticdhecomes an effective trap for the diffusing Si atoms. As a
contraction, improving the crystal quality by making it lattice result of the Si.- N pair formation, the fourth valence elec-
matched to the GaAs substrate. Si dopants were introducegbn of the Si atom is locally bound to the N atom as opposed
during the growth. The epitaxially grown samples were rapido being donated to the conduction band. Consequently the
thermally annealedRTA) in a flowing N, ambient in the electrical activity of Si as a hydrogenic donor in INnGaAsN is
temperature range of 550—-950°C for 10-120 s with thepassivated. This explanation is further supported by the fact
sample surface protected by a blank GaAs wafer. The resishat group VI doped (In)GaAs,N, alloys do not show
tivity, free electron concentration and mobility were mea-such donor passivation behavior upon RTAs shown in
sured by Hall effect experiments in the Van de Pauw geomfFig. 1, only a small decrease of electron concentration is
etry. observed in the Se-doped,(Ba, yAs; N, thin film after
The band gaps of the films were measured by photomoduannealing at 950 °C, similar to the behavior of the GaAs:Si
lated reflectanc€PR) spectroscopy at room temperature us-sample. The reason for this different behavior is that group
ing a chopped HeCd laser beamwavelength 442 ninfor VI atoms act as shallow donors only when they reside on the
modulation. The photoluminescen@@L) signals were gen- As sublattice(group V) sites. Therefore they cannot form
erated in the backscattering geometry by excitation with thenearest neighbor pair bonds with,Natoms.
515-nm line of an argon laser. The signals were then dis- Shown in Fig. 2 are the PR spectra of three samples after
persed by a SPEX 1680B monochromator and detected by different isothermal anneals. The annealing temperature and

liquid-nitrogen-cooled Ge photodiode. time are shown along each curve. The band gap has been
determined from fitting the spectra with the standard third-
Ill. MUTUAL PASSIVATION derivative functional formt® The inset shows the band gap as

a function of the annealing temperature, along with the ac-
tive nitrogen mole fraction calculated from the band gap us-
Figure 1 shows the results of resistivity measurements oing the band anticrossing modgEq. (11)]. The bandgap
a series of Si-doped |3 _,As; N, and GaAs films after energy is increasing with increasing annealing temperature.
RTA for 10 sec in the temperature range of 550—-950 °Clf the increase is solely attributed to deactivation of the N
From the growth conditions of the InGaAsN:Si samples theatoms the concentration of the deactivated N is approxi-

Si concentration has been estimated to-b@x 10° cm 3.  mately equal to 0.0042.2x10?? cm 3~8x10Y cm 3,

For the GaAs:Si film without N, only a slight increase in the i.e., close to the initial total Si concentration in the as-grown
resistivity is observed as the RTA temperature increases, cosample. This is consistent with the picture that the formation
responding to a decrease in electron concentratiorirom  of SigsNag pairs is responsible for the mutual passivation of
1.6x 10" to 8x 10'® cm™3. As pointed out in Ref. 8, such a both species. It passivates the electrical activity of Si donors
decrease of electron concentration in GaAs is the result adind deactivates N as the isovalent dopant. The nitrogen de-

A. Experimental results
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FIG. 2. PR spectra of jy/Ga ¢sASy 95dNo 017 Samples with dif- FIG. 3. PL spectra of several J§/Ga 98ASp.98No.017 Samples
ferent isothermal anneals. The black dots in each curve indicate tH@ith different anneals. The normalized free electron concentration
band-gap energies obtained by fitting the standard third derivativéor each spectrum is indicated in the legend. Inset: the intensity of
equation(Ref. 16 to the experimental data. Inset: the band-gapthe two PL peaks as a function of electron concentration.
energies and active N mole fraction estimated from the BAC model
plotted as a function of the annealing temperature. recombination process; as a result the intensities of both peak

H and peal_ vanish gradually.

activation effect can be better resolved in samples in which
the initial N concentration and the Si concentration are ap-
proximately equal. We have demonstrated this by introduc-
ing high concentrations of Si and N into GaAs by ion im-

plantation followed by pulsed laser melting and rapid oo GG aAsN alloys. Yiet al'” and Ahlgrenet all®
thermal annealing treatmerftit was shown that the active N have shown that the diffusion of Si in GaAs involves the

concentration in a Si and N coimplanted sample is lowerformation and migration of neutral Ga vacancia(%g), tri-

than that in an N-alone implanted samflaplanted with the : . E’ .
same N doseby an amount that is approximately equal to ply negatively charged Ga vacanci ) and As vacancies
(Vag)- In our case only the Si atoms on the Ga sublattice

theTtr?talS.S : Kloncer?trattmn. v binds the fourth val | contribute to the mutual passivation; therefore we consider
€ l?a' As Palr S rong.y Inas e' our va.ence €1€C- ihe first two mechanisms in the model. The diffusion coeffi-
tron of Si transforming this hydrogenic donor into a deepcient of Si on the Ga sublattice in GaAs is the combination

Iocglized cgnter. In Fig. 3 we show the PL spectra from 3t the Fermi-level independent tertmainly via V%B) and
series of Si-doped hh/Ga 98ASo 9sdNg 017 SamMples annealed the Fermi-level dependent tertwia V3.,
at different temperatures. Two peaks are clearly observed in a

the spectra. The higher energy PL pdpkakH) at 1.1 eV

B. Theory

In order to elucidate the microscopic nature of the passi-
vation process we consider the diffusion of substitutional Si

corresponds to the band-to-band transitions. With reduced D(T.t)=D%(T)+D* (T)- @ “ 1)
electron concentration, this peak gradually disappears, possi- ' n |’

bly due to increasing concentration of unknown nonradiative

recombination defects generated by the high temperature anthere D)= Dg exp[—EglkBT], D* (T)=D§~

nealing. xXexd—E; /ksT], and a=3 is the negative charge state of

Adeep-level related broad pegbeakL) is observed atan v2_ . The intrinsic carrier concentration in semiconductors
energy of about 0.8 eV. As shown in the inset of Fig. 3 thecan be written as

intensity of this peak exhibits a nonmonotonic dependence

on the electron concentration. We tentatively attribute pgeak

to optical transitions involving states associated with the

Si-N pairs. As the concentration of Si-N pairs increases with
decreasing, the emission intensity is enhanced. Upon fur-

ther annealing, nonradiative transitions start to dominate the/here

E!
~B. 3/2 — 9
n~B.-T exp[ 2kBT}’ )
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B=2[VmZ my kg/277: %132 expl y/2kg) (3 10° ; R L
is a constant depending on the free carrier effective masse 14 |n0‘07Ga0.93ASO.983N0.017:Si ;
and the linear temperature coefficient of the direct band gar
(), but nearly independent of temperatulﬁé. is an “effec- y 650°C
tive band gap” that takes into account the contributions of 107 | ——
the electron density of states near handL points as well g 680°C=
as thel" point in the band structur€. The diffusion coeffi- c° \700°C‘ ]
cient can be rewritten as = 102 T
pT.o=gm| rem+| 22| 4 i ' ’ f
(T,=9(T)|r(T) Ny ! (4) 4 Exp, 650°C PN\ 750°C 1
10° L] \ .
where T @ Exp, 700°C s
Ea 1 n.le " | Y Exp,750°C =
=D exd — —2_|| =2 i
g(T)_DO ex[{ kBT ni (56) 10'4 - P PR [ \\ pemp Rl g s p s n s o
is theVé; mediated diffusion coefficient at time=0, and . = t(s?c?) 50 200
0 0 0_ pa— a
r(T)= DM = DO_ e F{_ ﬁ ﬂ (5b) FIG. 4. Normalized free electron concentratidog scale as a
g(T) Do ksT No function of annealing time at different annealing temperatures. The

. . 0 _ 3 . . solid and dashed curves represent the results from the Monte Carlo
is the ratio of theV g, mediated and th¥/z, mediated diffu-  gimyiation and the analytical calculatiig. (8)], respectively.

sion coefficients.

For random walk on a face-centered-cubic sublattice, OUht ¢ 1 (high temperaturésEq. (8) becomes
Monte Carlo simulation has shown that the total number of
As sublattice sites that is nearest neighboring a Ga site that BxoD%(T)
the “walker” has visited is directly proportional to the dif- n(t)~ng ex;{ T a2
fusion time multiplied by the diffusion coefficient. This num-
ber (L) is also proportional to the diffusion length to the i.e., In(t)/ny] is linear int, where the slope is determined by
power of 2, which is a well-known result from the random the V2 -mediated Si diffusion.
walk theory. At long timest, Eqg. (8) can be simplified

We assume thdD(T,t) is a slowly varying function that
can be treated as a constant within a short period of tine e BxoDO(T)
According to the mutual passivation mechanism, the reduc- X~ a? t
tion rate of Si, (hence of the free electron concentration

is proportional to the total number of active nitrogen atoms'-€., IMn(t)/ny] approaches a similar linear dependencet,on
residing in the diffusion volume, with the reduction rate oh(t) also dominated by the Si

diffusion throughV2,

tl, C)

1

1+ r(_T) , (10

n(t)~ng

dn(t) D(T,1)
nn ~ XdLDEx g dt (6)

In this equatiora is the distance between nearest neighbors AS shown in the preceding section, tg,-mediated dif-

on the Ga sublattice, andis the mole fraction of active N fusion of Si strongly depends on the Fermi level and thus
atoms. Since[N] is much larger than[Si] in our also on the electron concentration which in turn is equal to
InGaAs,_ N, :Si samples, we neglect the passivation of Nthe concentration of electrically active, unpassivateg, 8i-
caused by the Si-N pair formation, and replac Eq. (6) oms. This leads to a dynamical diffusion process that has a
by the initial N fraction &,). Equations(4) and (6) lead to  self-consistent solution given by E(B).

C. Comparison between theory and experiments

the differential equation Comparisons between our experimental results on the an-
nealing effects of the electrical properties of Si-doped In-

dn Bx0(T)dt GaAsN alloys and our theoretical analysis are presented in
n-[r(T)+(n/ng)“] == a2 ; (7 Figs. 4 and 5. Figures 4 and 5 show the isothermal and

isochronal annealing effects, respectively, of the free carrier
where B is a constant that is proportional to the Si passiva-concentration of a §y/Gay 99ASp 0sdNp 01751 Sample with

tion rate. The solution is [Si]~9x10* cm~2 for annealing temperature in the range
of 650—820 °C. The results of calculations based on(Bp.
nw 1 nl [ 1 1 apxDT) | 1 are shown as dashed lines in Figs. 4 and 5. According to the
ny| a mitt r(T) ex a? r(T)|" diffusion model, at high annealing temperatures or long an-
(8) nealing time, the Fermi-level independe‘mga—mediated dif-
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FIG. 5. Normalized free electron concentratidog scale as a
function of annealing temperature with different annealing time.
The solid curves represent the results from the analytical calculation
[Eg. (8)]- FIG. 6. Temperature dependence of the rdtipbetween the
Fermi-level independent and dependent diffusion coefficients at ini-
fusion becomes increasingly important. This is reflected irfial electron concentration. Also shown are the calculated intrinsic
the fact that the lim/ny]~t curves approach a linear depen- electron concentration of GaAgom Ref. 19 and of our InGaAsN
dence at high temperatures or long anneal times, in which theample.

slope is determined by the constarf mediated diffusion
coefficient. best-fit constanB in our INGaAsN:Si sample is smaller by a

Notice in F|g 5, for 10-s isochronal annea]ing, the e|ec_faCt0r of 0.32 than that of GaAs. This is reasonably close to

tron concentration starts to decrease rapidly@00 °C. This  the rescaling factor of 0.24 obtained by simply replacing
onset temperature roughly corresponds to the annealing cofils =0.067m, and y=0.5 meV/K for GaAs in Eq(3) with
dition that allows the Si atoms to diffuse over a length equalalues for 1R 7:Gay 9#ASg.08dNo.017: Mg ~0.1m, (Refs. 1 and
to the average distance between randomly distributed Si ar20) and y~0.2 meV/K?! The small discrepancy can be at-
N atoms(~7 A). With increasing annealing time, this onset tributed to the enhanced electron effective mass in InGaAsN
shifts to lower temperatures. With 2-h furnace annealing aglloys at high doping level® Also, as can be seen from Egs.
temperatures as low as 580 °C, more than two decades @hb) and (2), B enters the final fitting equation in a product
drop in n was observed. Calculations based on E).at  with the prefactors of the diffusion coefficient®§ and
these annealing times show good agreement with experpg~). Therefore, the change B could be also attributed to
ments. The deviation at low temperatures for the 10-s anneghe changes ddd andD&™ in our InGaAsN sample as com-
can be attributed to the presence of the relatively high conpared with the values of these parameters for GZAs.
centration of Sis, and interstitial Si atoms in the beginnifig o further understand the diffusion-passivation process,
that transfer to gj, when Sg, starts to be passivated. we have performed a Monte Carlo simulation of atoms dif-
The various parameters used in our calculations are suMgsing on the face-centered-culiice) sublattice of a zinc-
marized in Table |. We note that, as shown in Table I, we usgjende structure. We construct a supercell consisting of 200
only two adjustable parameterg; that describes the passi- x 200x 200 cubic unit cells, each containing four Ga sites
vation rate of Si in the diffusion process, aBdthat is in-  and four As sites in a zinc-blende coordination. Periodic
troduced in Eq/(2) to describe the intrinsic carrier concen- poundary conditions are applied in all three dimensions. The
tration (n;) in InGaAs N, . All the other parameters, such nitrogen atoms are distributed randomly at appropriate con-
as the prefactors and activation energies \@; and  centrations on the As sublattice. The Si atom is allowed to
V&, -mediated diffusion are adopted from Ref. 18. The tem-perform a random walk on the Ga sublattice. Once the Si
perature dependence of for GaAs listed by Blakemofé  atom finds an unpaired N atom on one of its nearest-
can be well described by Eq.2) with B=4.37 neighboring sites, a permanent Si-N pair is formed with a
X 10'® cm 3K ~%2 Thesen; data are plotted in Fig. 6. The given probability(defined as the “passivation rate21) and

TABLE |. Parameters used in the calculation.

Parameter 8 B (cm 3K %7 DS (A%s) E2(ev) D¢ A%  EY (eV)
value 11 1.410° 3 3.74x 10" 2.60 5.9 10° 2.28
note optimized adopted from Ref. 18
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the donor activity of the Si atom vanishes. Both the Fermi- 100 ‘ — 0.5
level dependent and independent diffusion coefficients were L 1

included to convert the number of diffusion steps into real a5 | yal 1 104
diffusion time. The constanB has been determined to be /N /
about 10.2 by the simulation assuming a passivation rate of . Y % &/ Jos

1. This number is quite close t6=11 obtained by fitting 2 60 / '

Eqg. (8) with our experimental data. As mentioned before, Ng A . Ao 02{
since 8 appears only in the product witk, and D} in Eq. T ol . ;0 2
(8), the determination of3 in the fitting is affected by the ; 7 Vo4
uncertainty ofxy and D8. The internal supplies of Si donors 6

by transferring Sis to the Ga sublattice and the possible 20 - P E o
dissociation of Si-N pairs at high temperatures could also g F

result in an apparent change th The results of the Monte 0 , ¥y ‘ 01
Carlo simulation are shown as solid curves in Fig. 4. The 10" 10'® 10" 10%
good agreement of both the simulation results and the ana- n (cm™)

lytical calculation with the experimental data indicates that N

the Sk N, pair formation is indeed responsible for the pas- FIG. 7. Room-temperature  electron  mobility  of

sivation of Si donors. INg 07G& 0AAS 98dN0.017: Si plotted as a function of electron con-
As shown in Sec. Il B, at long annealing times, the dif- centration. The calculated mobilities limited by the conduction band

fusion process is dominated by the Fermi-level independenf),;]‘)"j“je””;]@l ﬂll) "?“d dby the random f'e][d Scattde”“g#) bare f

VOGa-mediated mechanism, because t}‘g-mediated diffu-  Shown. The calculated Fermi energy is referenced to the bottom o

sion is strongly retarded by the decrease of the Fermi Ievef.he lowest conduction bande().
The larger activation energy of the Fermi-level mdependenho(ft semiconductofin)GaAs. The newly formed two sub-
term means a stronger temperature dependence as compared " eE . andE_ . have nonparabolic dispersion re-
to the Fermi-level dependent term. Accordingly, the relativelations’ iven bﬂt -
contribution ofV2 -mediated diffusion becomes increasingly 9
important at higher annealing temperatures. The fat(®) ] 1
of the Fermi level dependent and the Fermi level indepen- E- (k)= E{[Ec(k)-i‘EL]i VIEC(k)—EL?+4Vvax},
dent diffusion coefficientfEq. 5b)] at timet=0 is shown in (11)
Fig. 6 as a function of temperature. It can be seen that at
~870°C the Fermi-level independent term starts to domiwhereE(k) is the energy dispersion of the lowest conduc-
nate. As a result [m(t)/ny] varies linearly with timet from  tion band of the host, anB" is the energy of the localized
the beginning of the annealing process at these temperaturesates derived from the substitutional N atofiscated at
~0.23 eV above the conduction band edge of GaA#%e
IV. ELECTRONIC TRANSPORT PROPERTIES coupling between the localized states and the band states of
the host is characterized by the paramé&tewhich has been
The results shown in Fig. 4 indicate that mutual passivagetermined to be 2.7 eV in (In)GaAsN,. The BAC
tion can be used to precisely control the electron concentranodel provides a simple, analytical expression to calculate
tion over a wide range. This provides an interesting opporthe electronic and optical properties of diluted
tunity to study the concentration dependence of the electroun)GaAsi_xNx alloys. Numerous effects, including the
mOblllty in material with the same Composition. It has beenstrong reduction in the fundamental band éabe increase
widely recognized that the incorporation of small amountsiy the electron effective ma&sand the hydrostatic pressure
of nitrogen into GaAs leads to a drastic reduction Ofdependence of the band éépnave been quantitative|y ex-
the electron mobility. The typical mobility of GaAs,N, plained by the BAC model.
fiilms ranges from~10 to a few hundred cfivs?** The two-level BAC model is a natural result of degener-
which is over an order of magnitude smaller than theate perturbation theory applied to a system comprising local-
electron mobility in GaAs at comparable doping leVEls. jzed states and extended states. By using the Green’s func-
Figure 7 shows the change in room-temperature mobility otion method, we have shown that the two-level BAC model
INg.07G 8 97AS0.08N0.01751 When the electron concentration is [Eq. (11)] can be derived from the Hamiltonian of the many-
reduced by rapid thermal annealing due t@S\ss forma-  impurity Anderson model that considers the hybridization of
tion. The mobility shows a nonmonotonic dependence on thextended states and dilute localized stat®sThe imaginary
electron concentration with a maximum ab~5  part of the Green’s function also provides new information
X10"% cm™3, about the electron state broadening that can be used to deter-
It is now well established that the electronic structure ofmine the width of optical transitions and to calculate the free
the conduction band of diluted (In)GaAsNy alloys is de-  electron mobility. The broadening of tiie subband is pro-

scribed by the band anticrossif@AC) model:** In the  portional to the admixture of the localized stat¢EY)) to
BAC model, the conduction band is restructured as a resuthe wave function of the restructured staﬁ{ali(k))],ze

of an anticrossing interaction between the highly localized
states of the isovalent N atoms and the extended states of the I'_(k)=|(E-|E_(K))|?T, (12
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wherel’| = 7V2py(E") is the level broadening caused by the 10' : : : 102
hybridization obtained in the original single-impurity Ander- In .Ga ,Ga N S
son model[ po(E") is the unperturbed density of states of 820°C 10s anneal
EC(k) evaluated aE'].?” The broadening defines a finite
lifetime for |E_ (k) ) through the uncertainty principle, which <
imposes a limit to the mobility of free electrons that conduct » %
current in the lowest conduction band: ed =

er(kg) efi * S &

M= o~ . (13 I3 2 S

m=Z(kg)  mMI(ke)l'—(kg) \ f + +
In this equation, the electron effective mass at the Fermi V< 7mev f
surface[m* (k)] can be calculated from the curvature of
the dispersiorE _ (k) in Eq. (11 2 The Fermi wave vector L = pre P =
(kg) and Fermi energyEg) are determined by the free elec- 1000/T (1/K)
tron concentration calculated from the density of states of
E_(k),! FIG. 8. Free electron concentration and mobility of an 820 °C

10-sec annealed sample measured at temperatures between room
p_(E)dE temperature and 6 K.
”(EF)ZJ T+ ex (E—Ep)/kgT]" (14
F)/KgT]

potential fluctuations. As a result the mobility monotonically
The room-temperature mobilityu(;) calculated from Eq. decreases with decreasing electron concentration.
(13) is shown by the short-dashed curve in Fig. 7. Also In the case of IpGa, _ As; ,N, alloys the main contri-
shown is the Fermi energy as a functionnofalculated from  bution to the potential fluctuations originates from the ran-
Eqg. (14). One sees that at high electron concentrations whedom N distribution. Calculations of the electron mobility
the Fermi energy approaches the original energy level of Nimited by the potential fluctuations are rather difficult, as
localized states in Wy/Gay 9fASo 95N 017 (I0cated at~0.30  there is no reliable way to evaluate the shape and size of the
eV above the conduction band edgeESt, or 0.54 eV above scattering potential in this case. An estimate for the electron
the conduction band edge &_), the mobility is largely —mobility limited by the random field scatteringug) is
suppressed by the strong hybridization betwé¢gh) and  shown in Fig. 7. A reasonable agreement with experiment is
|[EC(K)). At n=2x10" cm™3, the energy broadening and obtained with a random field distribution with a 30-meV po-
scattering lifetime at the Fermi surface are estimated to béential depth and a 3-meV/A potential gradient. Assuming
0.25 eV and 3 fs, respectively. The mean free path of fre¢hat the potential fluctuations are solely caused by the inho-
electrons is about 5 A, which is only a third of the averagemogeneity of the nitrogen distribution inJ@a _ As; (N,
distance between the randomly distributed N atoms. Therethis potential depth corresponds to approximately- 8%
fore, at this electron concentration the homogeneous broag¢hange i (i.e.,x=0.017£0.003). The solid curve in Fig. 7
ening resulting from the anticrossing interaction is the domitakes into account the contributions of both the level broad-
nant scattering mechanism that limits the electron mobilityening and random alloy scattering effects that limit the mo-
As seen in Fig. 7, at high concentrations the electron mobilbility [x=1/(u; *+ 1, )]. This calculated mobility repro-
ity calculated from the BAC model is in a very good agree-duces the non-monotonic behavior of the mobility measured
ment with experiment. The fact that this good agreement hagver two decades of change in electron concentration.
been obtained without any adjustable parameters provides Figure 8 shows the electron concentration and mobility of
further support for the BAC description of the electronic the 820 °C 10-s annealed sample measured over a wide range
structure of InGaAsN alloys. of temperatures. The electron concentration stays close to
The results in Fig. 7 show that as the Fermi level movesl.5x 1017 cm™2 for most of this range of temperatures. Simi-

down away from the original N level with decreasing elec-lar to the results obtained with Sn-doped InGaAsN alloys
tron concentration, the mobility continuously increases untilreported by Kurtzet al,?? the mobility shows a thermally
Er drops down to~0.1 eV, corresponding to an electron activated behavior at relatively high temperatute$0 K)
concentration of about 4:510'® cm~3. At lower electron and becomes only weakly temperature dependent at low tem-
concentrations the mobility starts to decrease, deviating sggeratures. The mobility activation energy is about 7 meV in
verely from the prediction of Eq(13). This effect can be the high temperature regime, which is comparable to the ac-
attributed to the scattering of the conduction electrons by théivation energy of samples with between 0.& 10 and
random fields caused by the structural and compositional dist.5x 10'” cm™3 in Ref. 22. The activated character of the
order in the alloy. Bonch-Brueviéh and Zhumatfi® have  mobility is usually interpreted as a signature of the random
considered the problem of electron transport in a randonfield scattering that can be effectively suppressed as free
field in partially disordered semiconductors. They found thatelectrons are thermally activated out of the potential at high
as the Fermi level decreases from the degenerate doping reemperature®’
gime into the nondegenerate doping regime, the conduction It should be noted that the band anticrossing model has
electrons experience increasingly strong scattering from thbeen successfully used to describe electronic properties of a
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broad class of semiconductor materials, the highly misand N as an isovalent impurity. The diffusion-passivation
matched alloys. The BAC effects have been shown to b@rocess is analyzed in the context of Si diffusion mediated by
responsible for the strong band-gap bowing in alloys such a&a vacancies. Monte Carlo simulation has also been per-
InP;_,N,,%® InSb,_,N,2* and GaSh_,P, (Ref. 1) (group formed and shows good agreement with the experimental
ll-V), and zZnTe_,Se,® CdTe_,O,,%* and ZnSg_,O, data. The free electron mobility has been measured and ex-
(Ref. 33 (group II-VI). Accordingly, we expect that the mu- plained on the basis of the electron state broadening caused
tual passivation effects should be a general phenomenon oby the band anticrossing interaction between the N localized
servable in all highly mismatched alloys in which substitu-states and extended states of the host InGaAs. Results of
tional shallow donors and the highly electronegativeoptical measurements are also presented and discussed. The

minority component anions can form nearest-neighbor pairghermal stability of the mutual passivation effect suggests

Indeed, we have recently shown that Ge-doped Gafs,
also shows the effect of mutual passivation betweep,Ge
donors and N impurities when annealed at above
~700°C3*

V. CONCLUSIONS

potential applications in the fabrication of electrical struc-
tures by selectively introducing shallow donors and isovalent
impurities.

ACKNOWLEDGMENTS

We thank Dr. Hartmut Bracht for helpful discussions. This

We have studied the mutual passivation phenomenon olwork was supported by the Director, Office of Science, Of-

served in highly mismatched J&a,  As; N, alloys doped

fice of Basic Energy Sciences, Division of Materials Sci-

with Si donors. It is shown that upon thermal annealing, Siences and Engineering, of the U.S. Department of Energy

donors diffuse in the Ga sublattice until forminggSNag

under Contract No. DE-AC03-76SF00098. J.W. and E.E.H.

nearest-neighbor pairs. This process results in the mutualcknowledge support from U.S. NSF Grant No. DMR-
passivation of electronic activities of Si as a shallow donor0109844.

*Electronic mail: w walukiewicz@Ibl.gov

1J. Wu, W. Shan, and W. Walukiewicz, Semicond. Sci. Technol.

17, 860(2002.

2K. M. Yu, W. Walukiewicz, J. Wu, J. W. Beeman, J. W. Ager lll,
E. E. Haller, I. Miotkowski, A. K. Ramdas, and P. Becla, Appl.
Phys. Lett.80, 1571(2002.

3 J.Wu, K. M. Yu, W. Walukiewicz, J. W. Ager I, E. E. Haller, 1.
Miotkowski, A. K. Ramdas, Ching-Hua Su, I. K. Sou, R. C. C.
Perera, and J. D. Denlinger, Phys. Rev6 B 035207(2003.

4W. Walukiewicz, W. Shan, K. M. Yu, J. W. Auger III, E. E. Haller,
I. Miotkowski, M. J. Seong, H. Alawadhi, and A. K. Ramdas,
Phys. Rev. Lett85, 1552(2000.

SK. M. Yu, W. Walukiewicz, W. Shan, J. W. Ager lll, J. Wu, E. E.

pauling electronegativities of N and As are 3.0 and 2.0, respec-
tively. See Walter Gordy and W. J. Thomas, J. Chem. P24s.
439 (1956.

15The bond strengths for Si-N and Si-P are 470 and 363 kJ/mol,
respectively, but values for Si-As is not available. However, we
believe from electronegativity arguments that the bond strength
of Si-P should be similar to that of Si-As.

18D, E. Aspnes, Surf. ScB7, 418(1973.

7S, Yu, U. M. Goesele, and T. Y. Tan, J. Appl. Phg$, 2952
(1989.

18T, Ahlgren, J. Likonen, J. Slotte, J. Raeisaenen, M. Rajatora, and
J. Keinonen, Phys. Rev. B6, 4597(1997).

193, s. Blakemore, J. Appl. Phy53, R123(1982.

Haller, J. F. Geisz, D. J. Friedman, J. M. Olson, and Sarah R2°C. Skierbiszewski, P. Perlin, P. Wisniewski, W. Knap, T. Suski, W.

Kurtz, Phys. Rev. B51, R13 337(2000.

6K. M. Yu, W. Walukiewicz, W. Shan, J. Wu, J. W. Ager lll, E. E.
Haller, J. F. Geisz, and M. C. Ridgway, Appl. Phys. Létt,
2858(2000.

7K. M. Yu, Semicond. Sci. Technol.7, 785 (2002.

8K. M. Yu, W. Walukiewicz, J. Wu, D. Mars, D. R. Chamberlin, M.
A. Scarpulla, O. D. Dubon, and J. F. Geisz, Nature Mdtet85
(2002.

9A. Polimeni, G. Baldassarri H. v. , H. M. Bissiri, M. Capizzi, M.
Fischer, M. Reinhardt, and A. Forchel, Phys. Re\63 201304
(2002.

OHydrogen in Semiconductgredited by J. I. Pankove and N. M.
Johnson, Semiconductors and Semimetals, Vol(/Azademic,
New York, 1991.

W, Walukiewicz, Physica BB02—-303 123(2001).

2E. F. Schubert, J. B. Stark, T. H. Chiu, and B. Bell, Appl. Phys.
Lett. 53, 293(1988.

13G. Bosker, N. A. Stolwijk, J. Thordson, U. Sodervall, and T. G.
Andersson, Phys. Rev. Le@1, 3443(1998.

Walukiewicz, W. Shan, K. M. Yu, J. W. Ager, E. E. Haller, J. F.
Geisz, and J. M. Olson, Appl. Phys. Lefi5, 2409(2000.

21| Suemune, K. Uesugi, and W. Walukiewicz, Appl. Phys. Lett.
77, 3021(2000.

225teven R. Kurtz, A. A. Allerman, C. H. Seager, R. M. Sieg, and E.
D. Jones, Appl. Phys. Let%7, 400(2000.

23], F. Geisz, D. J. Friedman, J. M. Olson, S. R. Kurtz, and B. M.
Keyes, J. Cryst. Growti95 401 (1998.

24W. Shan, W. Walukiewicz, J. W. Ager Ill, E. E. Haller, J. F. Geisz,
D. J. Friedman, J. M. Olson, and S. R. Kurtz, Phys. Rev. Lett.
82, 1221(1999.

25C. Skierbiszewski, P. Perlin, P. Wisniewski, T. Suski, J. F. Geisz,
K. Hingerl, W. Jantsch, D. E. Mars, and W. Walukiewicz, Phys.
Rev. B65, 035207(2001).

263 Wu, W. Walukiewicz, and E. E. Haller, Phys. Rev. 65,
233210(2002.

27p. W. Anderson, Phys. Re¥24, 41 (1961).

28y, L. Bonch-Bruevich, Phys. Status Solid2, 35 (1970.

29p,. G. Zhumatii, Phys. Status Solidi B5, 61 (1976.

195202-8



MUTUAL PASSIVATION EFFECTS IN Si-DOPED. . .. PHYSICAL REVIEW B8, 195202 (2003

30K, M. Yu, W. Walukiewicz, J. Wu, J. W. Beeman, J. W. Ager I, E. E. Haller, I. Miotkowski, A. K. Ramdas, and P. Becla, Appl.
E. E. Haller, W. Shan, H. P. Xin, and C. W. Tu, Appl. Phys. Lett.  Phys. Lett.80, 1571(2002.
78, 1077(2001). 33W. Shan, W. Walukiewicz, K. M. Yu, J. Wu, J. W. Ager III, E. E.

31B. N. Murdin, A. R. Adams, P. Murzyn, C. R. Pidgeon, I. V. Haller, and Y. Nabetani, Appl. Phys. Le&3, 299 (2003.
Bradley, J.-P. R. Wells, Y. H. Matsuda, N. Miura, T. Burke, and 34K. M. Yu, W. Walukiewicz, J. Wu, W. Shan, J. Beeman, M. A.
A. D. Johnson, Appl. Phys. Let81, 256 (2002. Scarpulla, O. D. Dubon, M. C. Ridgway, D. E. Mars, D. R.

32K. M. Yu, W. Walukiewicz, J. Wu, J. W. Beeman, J. W. Ager Ill,  Chamberlin, and J. F. Geisz, Appl. Phys. L&8, 2844(2003.

195202-9



