RAPID COMMUNICATIONS

Scanning tunneling microscopy of defect states in the semiconductor fBe;

PHYSICAL REVIEW B 66, 161306R) (2002

S. Urazhdin, D. Bilc, S. H. Tessmer, and S. D. Mahanti
Department of Physics and Astronomy, Michigan State University, East Lansing, Michigan 48824

Theodora Kyratsi and M. G. Kanatzidis
Department of Chemistry, Michigan State University, East Lansing, Michigan 48824
(Received 30 July 2002; published 4 October 2002

Scanning tunneling spectroscopy images of¥84 doped with excess Bi reveal electronic defect states with
a striking shape resembling clover leaves. With a simple tight-binding model, we show that the geometry of the
defect states in BBe; can be directly related to the position of the originating impurities. Only the Bi defects
at the Se sites five atomic layers below the surface are experimentally observed. We show that this effect can
be explained by the interplay of defect and surface electronic structure.

DOI: 10.1103/PhysRevB.66.161306 PACS nuniber68.35.Dv, 68.37.Ef, 71.55.Ht, 73.20.Hb

Understanding the electronic properties of defects and théfom the adjacent atomic planes form almost a regular octa-
ability to control them will be crucial for the performance of hedron, so the bonding can be roughly approximated by
the future microelectronic devicésScanning tunneling mi-  strongly interactingppo chains of atomicp orbitals [Fig.
croscopy(STM) represents a unique tool for the studies of 1(0)], with a weakerpp-type interaction between adjacent
defects as it combines atomic scale resolution with locafh@ins. A substitutional defect is therefore likely to produce a
spectroscopic capability. However, STM observation and?€rturation in the electronic local density of sta(®0S)

analysis of defect states in semiconductors are complicate%i_f‘edominamly along the thregpo chains passing through

by surface effects such as in-gap surface states and recome defect atom. Hence, the defect state should be observed

struction. These effects are avoided at the0) surfaces of a at the surface as three spots of modified DOS around the

number of Ill-V semiconducting systerisattracting exten- atovn\;s rt]ermlnatlfng th%sg_(r:p/lams daé;ge surface. ¢ .
sive researcf-® A number of point defect types have been € have performe an measurements using a

observed. However, the positions of these defects with recustom t_;uilt_ Iow-terlr;peratur(_e micrc_)sco_pe Wit.h direct immer-
spect to the surface plane could be inferred only from ingi->1°N 1N liquid He-4.” Stoichiometric B?SQ” single-crystal .
amples as well as samples doped with 2—5% excess Bi or

rect observations. The interpretation of such observations i by a directional solidification techni Th
complicated by the drastic effect the surface proximity may €, were grown by a directional Solidification technique. The

have on the defect stat®s stoichiometric as-grown BSe; samples ara type with car-

Modeling STM measurements of defects in semiconduc-rier concgr)tration of about .i%(?mfs' D_oping samples With.
tors is not straightforward: Approximation of the STM im- EXC€SS Bi introduces substitutional Bi defects at the Se sites

ages by maps of the local surface electronic density of Bise antisite, which are shallow acceptors. However, be-

state& is justified only if the charge relaxation rates of de- c@use of the low solubility of Bi in BSe, ** the Bi-doped
fect states significantly exceed the tunneling rate of electron&2MPIes ar@ type due to the compensating defects. Doping
between the tip and the sampfeTip-induced effects also Sa@mples with excess Se introduces shallow donor-type Se
need to be taken into account. These may include both locgUbstitutional defects at the Bi sitdSeg; antisites. The
band bending,and charging of the defect states by the tun_samples are sufflc!e_ntl_y inert to obtain atomic resolut!on in
neling current, resulting in bias voltage-dependent lattice re@i’- However, to minimize the surface contamination, in the
laxation in the vicinity of the defect atonfisCareful analysis €XPeriments reported here, the samples were cleawetiu

is necessary to clearly separate these effects from the intriffy In @ glove box directly attached to the STM setup in
sic defect properties, and the bulk features of the observetlirapure He gas prior to transfer to the STM with subse-
defect states from the surface effects. quent cooling toT =4.2 K.

In this RC we present cryogenic STM and scanning tun-
neling spectroscopySTS studies of the layered narrow gap
semiconductor BiSe; that can be viewed as a model system
for the STM study of near-surface defect states. The bonding
scheme of BiSe; allows a direct determination of the posi-
tion of a subsurface defect atom with respect to the surface.
Atomic planes consisting qf either Bi or S_e hexagona_llly ar-  F|G. 1. () Structure of BjSe, showing atomic ordering in a
ranged atoms are stacked in a close-packing fcc fashion; fivgyer. Arrow indicates the rhombohedal1] layer stacking direc-
atomic planes with atomic order Sel-Bi-Se2-Bi-S&lg.  tion. In the bulk, Sel and Se3 positions are equivalent, but we use
1(a)] form a layer. The layers are weakly bound to each othege3 notation for the bottom Se atomic plane of the surface layer
by Sel-Sel bonds. Both valence and conduction bands afgith Sel position at the surfaceb) A schematic of the bonding

formed almost exclusively by thepdand @ orbitals of Se into stronglyppe interacting chains of atoms, five atoms per layer.
and Bi, respectively? For each atom, the closest neighborsBlack orbitals represent Bi; white orbitals represent Se.
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FIG. 3. (a) Differential conductance spectra acquired in the vi-
FIG. 2. (a) A 30x 30 nm differential CITS map of a Bi-doped cinity of a clover-shaped defect at various distances from the center

sample.(b,0) 3.5x3.5 nm topographic maps encompassing one c)falong one of the lobes. Numbers on the right mark the distance

the defect features. Sample bias voltages a@3 V (b), and g‘?ﬁm the_ (l:ente:jln nanomtfaters_; rc]_urves _are offset folr c:a(_b)/.
0.6 V (c). (d) Schematic of atomic positions ifc). ifferential conductance of stoichiometric e, vs calculation

performed in a slab geometry as explained in the téjtCalcu-
To map out the defect states, we have performed differerfated total bulk near-gap density of statB0S) vs total DOS in the
tial current imaging tunneling spectroscopyCITS)  slab geometry.

measurementS. The CITS maps were acquired by fixing the
tip at each point during topographic imaging and measuring Figure 3a) presents a series of differential conductance

the differential conductance at various bias voltages with thgpectra acquired in the vicinity of an isolated defect. The
feedback loop disabled. Only Bi-doped samples exhibited agpectra were obtained by numerical differentiation ofl 60
appreciable density of observable defect states, as shown gurves with setpoint parametery/,=—0.3V and |

Fig. 2(a) for a sample doped with 5% excess Bi {86 gs) . =0.8 nA. At the measurement temperature of 4.2 K, thermal
The map was acquired with sample bigs=—0.2V inthe  broadening is negligible on the displayed bias voltage scale.
feedback moddwith tunneling current set to 50 pAand  The defect state appears as a broad reson@ndieated by
V= —0.45V for the conductivity measurement. The defectsan arrow in the energy range where the differential conduc-
appear as regular clover-shaped bright features, indicatingince is suppressed away from the defect. The established
areas with locally enhanced conductanceVgt —0.45V. semiconducting gap value is about 0.3%8¥* therefore the
Irregular spots in this imagenostly in the upper left corngr  defect levels appeainside the valence band. Theoretical
resulted from topographic defects. The data discussed belomodeling is necessary to understand this spectroscopic fea-
were obtained on a more weakly doped, 8 o5 Sample, ture, as well as why only Bj. antisites five atomic planes
where the defect density was reduced. below the surface are observed.

Figures 2b,c) present topographic maps of the sample First, we performedb initio calculations in the full po-
area encompassing an isolated clover-shaped defect statential relativistic linearized augmented planewave
Topographic image Fig.(B), acquired at a sample bias volt- formalisnt® within local-density approximatiolLDA). To
ageV,=—0.3V, shows a periodic atomic structure, indicat- model the surface, a supercell geometry was used, with dis-
ing no significant structural variation associated with the detance between slalisonsisting of 15 atomic planes or three
fect. The height of the atomic corrugations in FigbRis  layers, eachincreased from 0.5 to 1.5 nm as compared to the
about 30 pm. Fig. @) shows a topographic image of the bulk crystal structure. The calculated band structure did not
same area acquired ¥,= —0.6 V, where the largest corru- exhibit significant variation for the slab separation larger
gations, locally enhanced by tunneling through the defecthan 0.4—0.5 nm, therefore we found the slab separation of
state, are about 100 pm high. The highest amplitude of th@.7 nm, used for the calculations presented below, sufficient
defect state correlates with positions of three surface Se ater modeling the surface. The differential conductance spec-
oms|[marked with larger black dots in schematic Figd)3, tra were approximated by the local DOS in the center of the
forming a regular triangle. These atoms terminate thregap between the slaB$.The calculation presented in Fig.
ppo-bonded chains passing through the Sel site five atomig(b) was performed for a position above a Sel atom, al-
layers below the surface, for which we also use notation Se3hough we found the variation of the calculated spectra with
Since the observed defects appear only in Bi-doped samplgmsition respective to the surface atoms to be insignificant.
and they originate from Se sites, we attribute them to thel'he calculation reproduces both the finite conductance in the
Bigeg antisites. bulk semiconducting gap, and the suppressed conductance

161306-2



RAPID COMMUNICATIONS

SCANNING TUNNELING MICROSCOPY OF DEFEC. .. PHYSICAL REVIEW B 66, 161306R) (2002

just below the gap. In Fig.(8), the total DOS calculated in ' ' " (a) I REERES

the slab geometry is compared to the calculation of the bulk & | 1 st

DOS, which reproduces the accepted semiconducting gap £ [es ,‘\@ f\w | MR EDEE IS O ¢

value of 0.3 e\t Band structure analysis indicates that the g o 1% \dﬂ \J‘ Sfe $ 23S

highest valence-banHVB) states are predominantly Sel- < ] § § $ i i $

Sel antibonding type. As the Sel-Sel bonds are broken at 5 10 15

the surface, the splitting of these states is reduced, resulting Atom No. S-6

in the observed suppression of the differential conductance in ‘E

the HVB energy rangéFig. 3(b)]. The states that appear in 3

the gap have high dispersion along the surface. They origi- urface (b) &,

nate from the rehybridization of the surface Sel valence with

Bi conduction states, bringing the latter down below the bulk defect levels . ..

conduction-band minimum. |} !’.”.'"‘/VBM IR § t 8 s
Ab initio calculations of a single defect state are compli- o s 3 s PN

cated by the large cluster or supercell size necessary to r:sonance MDD DA

model the impurity states without introducing artificial inter- surf. VBM Lt e

action between defects. Instead we use a linear combination 2 4 6

of atomic orbitals approximation as a simple model of the Bi, position

system'2 This model presents just a qualitative argument and
IS not capaple of reproducmg the detailed eIgctromc structqr%_unit chain plotted as a function of atomic position along the
or tlhe ser(r;lcond_uct_lng gap value. quever, I gIVES a SUrpriSgp iy Only the first 20 amplitudes are shown. Solid black circles—
ingly good qualitative agreement with the experimental 0b-ge1 positions, gray circles—Bi positions, open circles—Se2 posi-
servations and first-principles calculations. In a tight-bindingyjons. (b) Schematic of a qualitative semiclassical picture of the

FIG. 4. (a) Amplitudes u; [Eqg. (1)] in the VBM state for a

formalism, near-surface defect resonance formati@m). Calculated near-gap
levels of a 16-unit chain plotted as a function of the position gf.Bi
antisite. The first position is at the surface.
Hlﬂ:HEi ui¢i22i EiUi¢i+;j Vijuig;, N P

_ ) ) calculated dependence of the near-gap energy levels on the
where; are atomic wave functions and; are off-diagonal  position of the Bi, antisite. The second layejpositions
matrix elements oH. We approximaté; by the atomic term  4_g) is only weakly affected by the proximity of the surface,
Valyeé of Bi and Se, and take into account oo inter-  gg the defect level is split from the VBM and its energy is
action between the closest neighbors, as shown in K. 1 only weakly dependent on the position. As the antisite posi-
Thus _the pr_oblem |s_reduc_ed to a system of noninteractinggp approaches the surfageositions 1-3 the defect level
one-dimensional chains, with three matrix elemerds Vo, energy is reduced as the surface gap opens up, so that the
andV3, corresponding to Sel-Bi, Se2-Bi, and Sel-$eb  defect state merges with the bulk valence states, forming a
bonds. Consider first a five-atom chain Sel-Bi-Se2-Bi-Se3esonancénsidethe bulk valence band. This behavior is sup-
(we also call it a unit representing a single layer in our ported by the semiclassical picture shown in Fith)4Only
approximation. Here Se3 position is equivalent to Sel. Thene Bjg 4 state is observed in the experiment, because, as our
highest energy filled state is nonbonding model suggests, B, and Bk, states are so much lowered

in energy by the proximity of the surface that they form
_ small amplitude broad resonances in the valence band. STM
Yo= \/W(¢331+¢593_V1/V2¢562)' ) images do not exhibit defect features associated wit, Bi
antisite in the second layer. Our model suggests that they
We model the bulk by a long chain of Sel-Bi-Se2-Bi-Selform bound states in the bulk gap, which cannot sustain STM
units, with the interaction between layers expressed/py  current. Surface effects thus provide a mechanism for the
Due to the Sel-Sel interaction, the nonbonding level is splittharge relaxation of near-surface defect states through the
and the HVB states become antibonding in the sense of Sebulk valence band.
Sel bond character. The splitting is large, because the state Similar surface effects should be observable in other
Eg. (2) has a significant weight on the interlayer Sel atomssemiconductors, e.g., &l10 surface of GaAs, where the
As the interlayer bonds are broken at the surface, the HVBalence band is, like in Bbg;, suppressed at the surfate.
states of a chain decay at the surfétte end of the chajp ~ As a result, in-gap impurity states may become resonances in
as shown in Fig. @), where the antibonding character of the the valence band, if the originating impurities are sufficiently
valence-band-maximuniVBM) state can also be seen. In close to the surfacéThis suggests an alternative explanation
semiclassical terms, as illustrated in Figbhy the surface for some of the published resuftét may also be possible to
gap is larger than the bulk value. This effect is in agreemeninduce the resonant behavior of near-surface defects by care-
with the more accurate first-principles calculations and specful control of the surface band bending with doping and/or
troscopic measurements, Figsb2). external field.
To highlight the importance of these surface effects for Resonances induced by near-surface defects can be con-
the observation of the defect states, in Fic)4ve plot the trasted to the bulklike in-gap states. The origin of the spec-
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troscopic broadening of the latttand the mechanisms of of the surface effects for the electronic structure of near-

their charge relaxation, allowing their observation with STM, surface defects. While Bj defects in the bulk BiSe; form

need further theoretical and experimental stulffedariable ~ shallow acceptor levels, the near-surface defects produce
temperature studies of the influence of the local defect distésonances in the energy range of the bulk valence states,
tribution on the spectroscopic features of defect states may/nich are suppressed at the surface. We suggest that similar
provide insight into these issues, and, 8% represents a urface effects are likely to be observable in other semicon-

convenient model system for such studies. ducting systems.

In summary, we have observed clover-shaped defect e thank J. Nogami, Norman O. Birge, M. I. Dykman, T.
states in BjSe; doped with excess Bi, which appear as reso-Hogan, and S. Lal for helpful discussions. This work was
nances in the high valence band, and can be attributedsto Bisupported in part by NSEGrant No. DMR-0075230and
antisites in fifth atomic layer from the surface. In the analysisGrant No. ONR/DARPA (N00014-01-1-0728 SHT ac-
of these defect states, we have demonstrated the importankrowledges support of the Alfred P. Sloan Foundation.
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