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Microscopic identification of the compensation mechanisms in Si-doped GaAs
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The compensation mechanisms ofSilonors in GaAs are determined by scanning tunneling microscopy.
With increasing Si concentration theggidonors are consecutively electrically deactivated by &cceptors,
Si clusters, and gj-Ga-vacancy complexes. A microscopic model based on the screened Coulomb interaction
between charged dopants, the amphoteric nature of Si, and the Fermi-level effect is proposed. It explains the
observed defects, the critical Si concentrations of each identified mechanism, and predicts the solubility limit
of Si in GaAs.[S0163-182606)02739-1

The variation of the density and the chemical nature ofdescribing the activation of the successive compensation ef-
dopant atoms provides the opportunity to engineer specifiéects. A screened Coulomb interaction is found to govern the
electronic properties of 11-V compound semiconductors andconcentration of charged acceptors and donors as well as the
to realize a wide field of electronic devices. Certain applica-Solubility limit of Si in GaAs. .
tions, e.g., diode lasers, require a high carrier concentratio,[hrwe investigated seed grown bulk GaAs crystals with

9 A3 P - ee Si concentration&g): a low doped, vertical gradient
(greater than X10'° cm™3), which is not always achievable, freeze(VGF) grown crystalA with 55% of the Si compen-

because of cqmpensation effec_ts. A telc_hnollogically impor'sated[carrier concentratioficc)=1.2x10* cm 2 (measured
tant example is the compensation of_S|I|CC$|) donorg in using the Hall effedt cq [=2.7x10'® cm~2 measured by
n-type GaAs. Si can be incorporated in GaAs on ar@R  gocondary-ion-mass spectroscdByMS)]; a medium-doped,
senic, A3 and cation(gallium, Ga lattice sites as acceptor \/gg grown sampleB exhibiting a cc of 3.X10 cm 3
and donor, respectively. This amphotericity is known to re-gptained with 1.% 10 Si atoms cmi® (72% compensation
duce the doping efficiency of SiHowever, the autocompen- and a highly doped, vertical Bridgeman grown sam@le
sation of Sg, donors by Sis acceptors cannot solely explain reaching a cc of only 1210 cm 2 at a Si density of
the observed electrical deactivation of up to 99% of the Si2.5-6x10" cm™3 (95% of the Si atoms do not contribute
donors? Therefore, additional models for the compensationto the carrier concentratiognThe crystals were cleaved in
have been developed, such as the formation of Si pais, UHV (5x107° Pg and immediately transferred to the STM
clusters! and complexes of Si with a speculative native (in a dual-chamber systémwithout breaking the vacuurh.
defect>® the existence of a nonhydrogenic Si level resonant STM images of the Si-doped GaA$10) surfaces reveal
with the conduction banfl,and a variety of other mecha- a strong increase of the concentration of various defects with
nisms. an increasing Si-doping concentration of the crystals. This
A direct experimental confirmation of the proposed mod-suggests that the defects play a crucial role in the compen-
els proved to be particularly difficult, because of the impos-sation. Therefore we analyze simultaneously measured, high-
sibility of obtaining an atomically resolved view inside of the resolution STM images of the occupi€Big. 1 panels al—
crystal. Most experiments rely on the interpretation ofel) and empty state@=ig. 1 panels a2 to ¢2f all defects to
vibrational-mode spectra or macroscopic crystal data andlentify them and evaluate their concentrations. In the fol-
thus a reliable measurement of defect concentrations is difowing, we will address each defect separately.
ficult. Consequently, only limited conclusions on the atomic (i) Gallium vacancy (¥,). Framesal) and (a2 of Fig. 1
level were obtained.In addition, diverse experiments and show the most common defect, which was identified previ-
theories favor different compensation mechani§fislhus, ously to be a Ga surface vacan®One empty dangling
the exact microscopic compensation mechanism of Si is stibond[Fig. 2(a2)] is missing and the two neighboring occu-
unclear and an atomically resolved real-space image of thpied dangling bonds are raiséall). The defect is surrounded
existing point defects may be of great help for resolving theby a reduced empty and increased occupied density of states.
discrepancies. This indicates a local upward band bending due to a negative
In this paper, we demonstrate the direct identification ofcharge of the vacancy.
the compensation mechanisms of Si dopants in GaAs using (ii) Sig, donor. Frames(bl) and (b2) show a defect,
atomically resolved scanning tunneling microscdSdM)  which has been identified as the;Stonor!? The defect is
images. We identify all defects occurring ¢h10) cleavage surrounded by an elevation in both images. This is due to a
planes of Si-doped GaAs crystals and measure the concepesitive charge and has been explained by a tip-induced band
trations per surface and/or subsurface layer gf, 8bnors, bending modulating the charge-induced band bentfifidne
Siys acceptors, i clusters, Ga vacancie$Vg,), and  specific defect shown is a Si atom in the second subsurface
SigsGa-vacancy complexdSic Ve, separately. Using the layer on a Ga lattice site. We could distinguisky S sev-
measured concentrations per layer we calculatdtiiecon-  eral subsurface layers by the alternating symmetry and de-
centrations of each defect. We deduce the sequence and critrease of the magnitude of elevatith’®
cal Si concentrations of the different consecutive compensa- (iii) Siys acceptors.Frames(cl) and (c2) show a nega-
tion mechanisms and develop a microscopic modetively charged defectupward band bendingWe observed
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FIG. 1. Images of occupietupper framesand empty(lower frame$ density of states of the major defects on Si-doped GALS
surfacegwith the exception of frame §2(al) and(a2 show a Ga vacancybl) and(b2) a Si;, donor,(cl) and(c2) a Sis acceptor(dl)
and(d2) a SiGa-vacancy compleXel) and(e2) the intersection line of a planar Si cluster, &fit) a dislocation close to a Si clusté@
is a zoom of the occupied states of the stacking fault )n The tunneling voltages af@l) —2.4 V, (a2 +1.8 V, (bl) —2.0V, (b2 +1.4

V, (cl) —2.0V,(c2 +1.4V,(dl) —2.0V,(d2 +1.4V, (el —2.2V,(e2 +1.5V, (f1) and(f2) —2.5 V. The defects were observed on
cleavage planes of bulk crystals.

these defects in different subsurface layers. The symmetring empty dangling bon2) and a slightly raised neighbor-
analysis indicates that the defect is localized on an anioing empty dangling bond. The concentration of the defect
lattice site. The specific defect shown is in the second subincreases with increasing vacancy concentration and increas-
surface layer, as can be deduced from its symmetry. Coning Si concentration. This suggests that the defect consists of
pared to the Si donor it has a different symmetry due to itsa combination of a vacancy and a Si atom. Close examina-
location on the other sublattice. The density of the defectsion reveals a weak dipole character similar to Zn-dopant—
increases with the Si concentration. The charge, the locationynjon-vacancy complexé.Thus, we conclude that the de-
and the density point toward the,siacceptor. The presence fect in panels(d) is a (Sig Vs complex. This is the first

of Siys is expected due to the amphoteric nature of Si. Hereyyomically resolved identification of the so-called )Si-
we provide the first atomically resolved evidence for the Si complex®

acceptor. | v highl (v) Si clusters.With increasing Si concentration we ob-
(iv) Dopant-vacancy complexes &Ng,). In highly served a growing number of narrow trenches alond 116]

doped samples we observed an additional uncharged poififaction. Their lengths ranged from 1 lattice spaciogrre-
defect[panels(dl) and(d2)]. The defect consists of a miss- sponding to a Si pa?jmp to agbout 100 nm. We i(?entinfgthese

trenches as Si clusters. Planar Si clusters(bhl) planes
— were found in heavily Si-doped GaAs by transmission elec-
g tron microscopy(TEM).* The[110] direction corresponds to
the intersection line of such @11) plane through 110
surface. Close to some of the trenches we observed disloca-
tions (framesf ), in agreement with the TEM images. The
geometric structure and the correlation with the Si density
] 4 corroborate our identification of the trenches as planar Si
clusters penetrating the surface. In addition, STM images
reveal that the clusters disappear in samples annealed prior to
cleavage above 1100°C, in agreement with TEM
measurements.
At this stage we have to determine which defect is purely
a surface defect and which is a bulk defect exposed on the
Uiy, V) 1 surface by cleavage. The concentrations of most defects re-
main constant with time. However, Ga vacancies are formed
thermally at room temperature on allitype surfaces inves-
tigated, due to a low-temperature Langmuir desorption
- driven by the Fermi-level effecf Thus, the Ga vacancies do
0 50 100 150 200 not exist in the observed concentrations in the bulk. In order
time after cleavage (h) to deduce the bulk vacancy concentration, we monitored
carefully the time dependence of the vacancy concentration
FIG. 2. Time dependence of the concentration of Ga vacancie§™d- 2). By extrapolation to zero time after cleavage, we
and (Sig Vg, complexes. The vacancies are formed by Langmuirs€parate out vacancies formed after cleavage from those
desorption and consequently the concentration of complexes ifPresent in the bulk at the time of cleavage. With the assump-
creases with time too. The densities of the vacancies and complex&®n of no cleavage defects we calculate the bulk concentra-
present directly after cleavage are estimated by extrapol&iid ~ tion. A similar procedure was followed for the dopant-
line) to the cleavage timé=0). vacancy complexes(Fig. 2, whose concentration is

= 3.3x1011 em-2 (t=0)
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TABLE I. Concentration of Si atoms per atomic layer incorpo- 1020 5
rated into different defectén 10'° cm™?), as observed in the STM ]
images. The concentration is given for the first and/or second sub-
surface layer for four Si containing defects. The concentration of
the complexes is corrected for their increase after cleaiseeFig.

2). Thus the values represent the concentration present in the crystal

directly after cleavagésee text % 10194
O ]

Defect Subsurface layer Sample A Sample B Sample C 5
S 1st 54-11 4923 56 3.1 J<

2nd 1.3+06 3.1+x1.7 3.3t 15 S
Sips~ 1st 1.1v0.3 3.1x0.6 4.0+ 0.4 g "

2nd 1.2:0.3 2.7:09 4.9 1.2 8 107
Si, cluster 1st 0.40.7 15.6:9.8 55 =11
SicaVea 1st ~0 28+1.4 33 + 5

. . T T T T T T T

connected with that of the vacancies. For san@®lee ob- 1018 1019 1020

tained a complex density @8.3+0.5)x 10 cm™2.
In order to determine theulk concentrationgof Si) from
the surfaceconcentrationgof Si containing defecjsobserv- FIG. 3. Si concentration present incSidonors, S acceptors,

able in the STM images, we have to evalu_ate fo.r each type cgin clusters, and(SigsVe,) complexes as a function of the Si-
defect the number of subsurface layers, in which the defecioping concentration incorporated into the crystals during growth.
can be located and still be imaged by the STM. We distin-The Si-doping concentration incorporated during growth has been
gUiShEd the different subsurface pOSitionS of dopant atomgeasured by secondary-ion-mass spectros¢SpyS). The sum of
by the symmetry and intensity of the features observable ifhe Si concentrations of the different defects measured in the STM
the STM images. The procedure that we followed has beemnages(x) agrees well with that measured by SIMSolid line).
demonstrated for a variety of dopant atdfs'*®>and for  The horizontal error bars originate from the SIMS measurements.
antisite defect$¢ and we refer to the literature for further They should be applied to all the respective data points. All vertical
details. After the distinction of the different depth of the error bars show the reproducibility of the STM measurements. The
donors and acceptors, we measured the concentration of &ata is based on more than 3000 observations of Si atoms.
for each subsurface layer and each type of defect separately
(Table ). From the data in Table | we can calculate the neaiconcentration of Simeasured by SIMS indicating that we
surface(volume concentrations, which reflect the bulk con- identified the Si containing defects correctly. The data re-
centrations, if no diffusion occurred. Diffusion is indeed un-veals three trends: a nearly constant concentration of Si do-
likely to occur at room temperature. nors, a consecutive onset of three compensation mechanisms

The measuredurfaceconcentrations for the Si acceptors at specific critical Si concentrations, and the large majority
and donors in the first and second subsurface layers is givest Si is not incorporated as donors.
in Table | separately. We found that the concentration per The concentration i is close to but always smaller than
layer of the charged acceptors and donors remained constathiat of Si, and the difference decreases with increasing Si
with increasing depth, in agreement with previous measuredoping. This agrees with theoretical predictiéri§.How-
ments for a variety of dopant elements:>!’ although the ever, theory expects a strong increase of the concentration of
exact depth of S, in the third or deeper subsurface layers isdonors and acceptors with the Si dopfhghis is not ob-
more difficult to determine than for Si, because of the served here and the explanation, which we suggest, a
generally weaker signals. However, the counts of Si in thescreened-Coulomb-interaction limited solubility limit of Si
first two layers provided a reliable concentration value,in GaAs, will be addressed below.
which can be quite easily measured, because of the clear, At this stage we focus on the driving force of the consecu-
unconfoundable appearance of high intensity in the STM im{tive onsets of the formation of first Qiacceptors, second Si
ages of Si acceptors and donors in the first and second sublusters, and finallfSig Ve, complexes. Si is initially in-
surface layers. The clusters and the complexes could only beorporated only on Ga sites as dondi$.Si would behave
observed, if they where localized in the surface laftee  like an ideal donor, the carrier concentration would follow
complexes are unchargedhus Table | gives the surface Si closely the density of Si and the screening of the charged Si
concentrations of those two defects. The Si concentratiodopants would become more and more efficient, resulting in
incorporated in the clusters per layer was determined byio Coulomb repulsion between the Si donors up to Si con-
counting the number of lattice sites covered by the clusterscentrations in the range ¢0.5-1)x10?° cm 31° A similar

The bulk concentrations of Si incorporated in the defectsupper limit can be obtained by calculating the equilibrium
determined from the STM images are summarized in Fig. detween the screening length and the dopant concentration
as a function of the total Si dopant concentration incorpo-using Ref. 20. However, with increasimgtype doping the
rated into the crystals during growth. The latter has beerfiormation energy of Si acceptors decreasésand Si is in-
measured by SIMS. The sum of the STM based Si concersreasingly incorporated on As sites as acceptdrhus the
trations in all defects agrees well with the expected totakffective carrier concentratioft(Sigy)-C(Sips)) is lower than

incorporated Si concentration (cm-3)
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the Si concentration, reducing the efficiency of the screeningncreasing Si-doping concentration, because Si is always in-
and consequently Coulomb interactions become importantorporated preferentially as donor. At most a saturation is
The situation can be modeled as a mixture of two gases witheached, if the Si atoms are equally incorporated on Ga and
oppositely charged particles andB in a fixed volume. The  As sites. Thus, another mechanism must be responsible for
pressure of the gas is governed by the interaction betweefe observed decrease of the charge-carrier concentration at
the particles, in this case the screened Coulomb interactiomigh Si-doping concentratiorfsThe mechanism, which re-

At a certain concentration of particles, the pressure is highj,ces the carrier concentration, is the formation of
enough that the gas condensates, e.g., by forming unchargggiGa_VGa) complexes. The Ga-vacancy formation energy is
('AB) particles. Ip analogy, the incre.asing number qf POsi-gwered with increasing-type doping®*® due to theFermi-
tively charged Si, donors and negatively charged\SBC-  |o\g) effect! Thus Ga vacancies are formed. The positively

ceptors interact and uncharged Si pairs are formed. The i “harged Si atoms attract the negatively charged vacdncies
teraction starts as soon as the average distance of the hd vacancy-donor complexes are formed. The formation of

atoms(8.1, 4.9, and 3.4 nm, in sampke B, andC, respec- complexes is an analogous mechanism to the one driving the
tively) becomes similar or smaller than the interaction range’; P ) 9 g
i pair formation. Both reduce the pressure of the Coulomb

governed by the screening length. The latter is for the carrie .
concentrations present in our samples in the range of 4.2— Igteractions. , . ) : .

nm at a temperature of 900 ¥.In sampleA the average In summary, we identified microscopically that,Sac-
distance is large enough to avoid most interaction effects angePtors, Si clusters, and ggiGa-vacancy complexes com-
thus only few Si pairs are expected, in agreement with ouPensate consecutively the Si dopants at specific critical Si
observation. However, for the two stronger doped samp|e§oncentrations. The observations are explained by a screened
an interaction is likely to occur and Si pairs are formed.Coulomb interaction driving the Si-pair formation and thus
Those pairs may lead to larger Si clusters if Si-pair diffusiongoverning the solubility limit of Si in GaAs. This successive
is possible, without any change of electrical properties. Thdormation of different defects explains the large amount of
formation of pairs and clusters leads to an increase of theontradicting literature reporting different compensation
average separation between the remaining charged Si donarsechanisms. Most of the proposed mechanisms contribute
and acceptors to values larger than the screening ldfgth indeed, but dominate only in certain ranges of Si concentra-
sampleA, B, andC: 8.9, 7.2, and 6.6 nin This supports the tions. Similar studies may help to understand doping diffi-
view that the screened Coulomb interaction governs the solitulties in a variety of materials, such astype doping of
bility limit of Si in GaAs. Consequently, the density of znSe?? In addition, the present study demonstrates that in-
charged Si donors and acceptors remains constant althougyactions may alter considerably the theoretically expected
the Si concentration increases by more than one order Qioncentrations of defects. Thus, the screened Coulomb inter-
magnitude, because the carrier concentration does Ngltions need to be taken into account for the theoretical mod-

change much. This explains our observation of a nearly Cong|ing and understanding of charged defects and their concen-
stant donor and acceptor concentration in contrast to thegsations in doped semiconductors.

retical predictions.
The above discussed compensation mechanism can never The authors thank M. Althaus for providing the samples
result in a decrease of the charge-carrier concentration witand K. H. Graf for technical support.
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