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Zn- and Cd-induced features at the GaA$110) and InP(110) surfaces studied by low-temperature
scanning tunneling microscopy
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We used a low-temperature scanning tunneling microscope to study Zn- and Cd-doping atoms near the
(110-cleavage surfaces of GaAs and InP at 4.2 K. The filled-state images showed centro-symmetric elevations
while the empty-state images showed circular depressions. We attribute these features to the influence of the
Coulomb potential of the ionized doping atoms on the number of states available for tunneling. In a few
empty-state images of the GaA40 surface, the depressions were surrounded by maxima, which are probably
direct observations of Friedel oscillations. For the () surface, all depressions were surrounded by
noncentrosymmetric maxima. Upon moving the tip Fermi level to the bottom of the conduction band, we
observed that the depressions turned into elevations with a triangular shape for both th{é1@a#sd the
InP(110 surface. This shape was independent of the depth of the dopants, and the chemical nature of the
dopantgZn or Cd did not influence the triangular shape either. The orientation of these triangular features was
the same for all observed doping atoms and was geometrically determined with respect to the host lattice.
Furthermore, we determined the location of a triangular feature with respect to a doping atom. The features
were only visible when tunneling to the impurity band suggesting that the features are a direct image of the
acceptor state although the origin of the triangular shape is not clear at present.
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[. INTRODUCTION because the amplitude of the dopant-induced features decays

faster than at 4.2 K. Nevertheless, recent room-temperature

Doped semiconductors are commonly used in industrySTM measurements showed dark depression rings surround-
yet the behavior of doping atoms is still not fully understood.inNg bright elevations in STM images of charged dopants and

Since electronic devices are getting smaller and smaller, theffefects: However, these rings were not attributed to an os-

characteristics will be influenced by fewer and, eventually,c'"""tmg potential(e.g., charge-density waves, Friedel oscil-

. S . . . lationg, but they were explained as the image of a local
even single-lattice imperfections, e.g., doping atoms, antisit tential changda screened Coulomb potential was used
defects, and vacancies. These imperfections can be studi

Ny ) ! ) - uced by the presence of the charge.
individually on an atomic scale with a scanning tunneling | this paper, we describe a low-temperature STM study
microscope(STM). of Zn- and Cd-doping atoms near ttil0-cleavage surfaces
Many STM studies have been carried out on IlI-V semi-of GaAs and InP at 4.2 K. We observed spherical protrusions
conductors. The110)-cleavage surfaces of these semicon-and depressions in the surface topography for negative and
ductors are ideal for studying bulk imperfections with apositive sample voltages, respectively, and we attribute them
surface-sensitive tool such as an STM, because there are twthe Zn- and Cd-doping atoms; however, for small positive
surface states inside the bulk energy band gap of IlI-V semisample voltages we observed a different behavior of the dop-
conductor surfaces. Therefore, bulk effects are not screenethts: upon moving the tip Fermi level to the bottom of the
at the surface. Reference 1 gives an overview of STM obseiconduction band, we observed that the depressions turned
vations of charged doping atoms and charged defects oifto elevations with a triangular shape for both the
(110-cleavage surfaces of 11I-V semiconductors. GaAg110 and the InR110 surface. A similar triangular
Doping atoms are usually imaged as spherical protrusionghape has previously been observed on (ttE)-cleavage
or depressions in the surface topography depending oftrface ofp-type GaAs(doped with Zn at room temperature
sample voltage and their char§jé. These protrusions or de- by Zhenget al.® but a satisfactory gxplanatlon for these tri-
pressions are a direct consequence of the influence of tfE'gular features has not been given so far. Furthermore,
charge and the corresponding Coulomb potential of the dopé€Nget al- did not observe any depressions in their empty-

ants on the number of states available for tunneling. Thtate images at higher sample voltages as in our case.

doping atom depth at which its influence can still be seen aﬁweTzigirrllzng?(l)?]:sSh\le%e (X::?esr;?r:elgﬂ?heeni)erfier?étﬁgﬁ ?)‘?%heg;

the surface varies from approximately five subsurface layers.

at room temperature to approximately 15 subsurface layers é@bangular feat.ures and we found the same orientation for aI_I
4.2 K5 Oscillations in the charge densitgo-called Friedel observed doping atoms. Furthermore, we determined the ori-

oscillations surrounding charged dopants have been op&ntation of a triangular feature with respect to the host lat-

served at 4.2 187 which was attributed to screening of tice. The base of the triangle is positioned along [thé0]
Charged dopants by free Charge carriers. At room temper&irection, and the mirror plane of the feature is parallel to the

ture, no Friedel oscillations have been observed, probablj001] direction and has th@lTO] direction as its normal.
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The doping atom is not positioned in the center of the tri-  One side of the triangléhe basg shown by the solid line

angle, but more towards the top vertex. in Fig. 1(c), is positioned along th¢110] direction. The
The Cd- and Zn-acceptor atoms in GaAs and the Znmirror plane of the featuréparallel to the[001] direction
acceptor atoms in InP gave similar results. Asymmetric feahas the[lTO] direction as its normal. A line profile through

turets h?vte also bet;an obst_ervedﬂ?n agtlsne dfetiabmf'nt this plane is also plotted in Fig(d) and given by the dashed
con rals do ou:j (:j SGI’VE;IOI’(;S he ? z;pedo oseS_ ealurgi,q along thg001] direction. By making large scan images,
strongly depended on the depth of the dopants. Since ﬂ\?/e can see whether all the triangular features are oriented in
triangular features were only visible when tunneling to the he same direction. For example, Fig. 2 shows two large

impurity band, we conclude that the features are a direc, TM images measured on a Zn-doped and Cd-doped GaAs
image of the acceptor state although the origin of the MaNgample, respectively. Many triangular features are visible,
gular shape is not clear at present. and all features have the same orientation as mentioned
above, which is in agreement with the observations in Fig.
Il. EXPERIMENT 1(c). Furthermore, the shape of the triangular features is the
. . same for all observed features, only their intensity varies.
All the experiments were performed in a Ic_)W-temp_eratu_re The orientation of the triangular features can be deter-
STM at a temperature of 4.2 K. The STM is described iNmined by studying the line profiles plotted in Figs(dj

detail in R(_af. 12. We equipped the STM with am situ . 1(g). By examining line profiles 2 and 5 in Fig. 1, the posi-
cleaver, which can be controlled from outside the cryostat, ifj . of the zn doping atom with respect to the As lattice is
order to cleave our samplés situ at 4.2 K. Since the STM determined? Line profile 2 shows only one maximum

is cooled down more than 85°C below th_e boiling point of, 1, means, using symmetry arguments, that the doping
oxygen, the vapor pressure of oxygen is extremely 10w a4 js positioned in one of the odd subsurface laynst,
(<10 Tom). Therefore, surfaces like Gald0 and i fifth, etc). From line profile 5, one can see that the As
InP(110), which normally oxidize very quickly, will stay  a1oms around the maximum are lifted asymmetrically: the

clean under these conditions for many days. lower As atom seems to be lifted more stron
: gly than the
We used three different samplgstype Zn-doped GaAs . . —
. ! plastyp P upper one. This means that the As atoms in[®B@1] direc-

ith i i 10%¥ ecm™3, p- - ) ) .
with doping concentration 810 cm, p-type Cd-doped tion are always a little bit closer to the Zn atom than the As

; ; ; 7 a3 .
(ZBr?ng\:\g;h l?l%pughczgg?r?;rigzré:ﬁglﬂOﬁmxIbialsngrr:]jgr)lg atoms on the other side of the maximum. With this observa-

o . . tion, the orientation of the triangle is determined completely
This gives for the radius of the average volume per dopant, nd given in Fig. 3. Together with the other line profiles in

3.1 nm for the Zn-doped GaAs, 6.9 nm for the Cd-dopeaa. d ; .
GaAs, and 4.5 nm for the Zn-doped InP. If this radius iSF|g. 1, the location of the triangular feature with respect to

. . . the Zn atom can be determined as shown in Fig. 3. One can
smaller than the Bohr radius, wave functions of doping at e that the Zn atom is not positioned in the center of the

| he locali ing level )
oms overlap, and the localized doping levels are broadene%?angle, but more towards the top vertex,

to doping or impurity bands, meaning the sample is degen- " _. ) .
erate.pTﬁe Boh? rad%us fop-type GaAgs is 1.8 nrr)n and f(?r Figure 4 shows a filled-state image of the Zn-doped InP
p-type InP 1.3 nm. This means that, in all three cases, we dgamp!e, measurcrengj ata sample voltage- 680 V'. The scan
not have fully degenerate samples. area is 36<30 nnr. The hillock featurgs superimposed on
These samples were cleaved along(th&0) planesin situ the P s_ublattlce are induced by _negatlvely charged Zn dop-
at 4.2 K. All the measurements were done with Ptlir tips, Cutants. Figure 5 shows four STM Images of the same surface
prea of the Zn-doped InP sample at different positive sample

with scissors, and all the STM images shown in this pape It Th s 360 nn?. U | q th
are constant current images. Different tips were used, and wgoltages. The scan area IS nnt. Ypon Jowering the
ositive sample voltage from-2.2 V to +1.6 V, we ob-

did not observe any differences in the STM images, excep‘? X )
for some indications of a change in the work function of theserved t'hat t.he Zn-lnduced featgres chqnged frqm .CII’C.U|<";1I’
tip of the order of 0.1 eV. depressions into triangular elevations. This behavior is simi-
lar to that observed fop GaAs. In that case, the depressions
changed into elevations at a slightly lower sample voltage
Ill. RESULTS (=1.6 V instead of=1.8 V). Again, the shape of the trian-
gular features is the same for all observed features, only their

Figure 1 shows three STM images together with four: ) . .
L L — L intensity varies. Furthermore, the depressions are surrounded
plots showing line profiles in thgl10] and[001] direction. noncentrosymmetric maxima, which we did not observe
The measurements were performed on the Zn-doped GaAf r the p-type GaAs samples '

sample. Figure () is a filled-state image measured at
—1.8 V sample voltage. Figuresd and Xc) are empty-
state images measured &t1.8 V and +1.55 V, respec-
tively. The scan area is 545.4 nnf. The observed features
are induced by the same Zn-doping atom. The filled-state The hillock features in Figs.(4) and 4 are induced by
image shows a hillock feature superimposed on the As sulmegatively charged Zn doping atorfsubstitutional on gal-
lattice. In the empty-state image in Figh], a local depres- lium or indium site$, which locally increase the number of
sion is visible; however, at lower sample voltage the emptyvalence-band states available for tunneling, see for example
state image shows a triangular elevatj@ig. 1(c)]. Ref. 8. To understand the origin of the local depressions in

IV. DISCUSSION
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FIG. 1. Three STM images of the same scan
area (5.45.4 nnf) of a Zn-doped GaA4d10
surface (doping concentration: 810 cm™9)

— measured at different sample voltage&)
[110] —~1.8V,(b) +1.8 V, (c) +1.55 V. Set-point cur-

rent: 100 pA. The meaning of tHdasheglline in
figure (c) is explained in the text(d)—(g) Line
profiles through(a) and (c) in the [110] and

Az (nm)

[001] direction, respectively. The numbers 1-5
and letters a—f indicate the positions of the dif-
ferent line profiles in(a) and(c), respectively.

1
o ; 2
A A 13
4

0.00 \@
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FIG. 2. Two empty-state images of tieGaAq4110 surface

Figs. 1(b) and 5a), tip-induced band bending at the semicon-
ductor surface has to be taken into accotfnt® The nega-
tively charged Zn atom locally increases the number of
valence-band states available for tunneling. As a conse-
quence, the number of conduction-band states available for
tunneling is decreased in the vicinity of the Zn impurity.
Two tunneling contributions can be distinguished: electrons
tunneling from the tip to the empty conduction-band states,
and holes coming from the impurity-induced band tunneling
to the tip. These contributions are not equal in magnitude:
the electrons have to tunnel across a potential barrier that is
about 1.5 eV lowervalue for the band gaps of GaAs and
InP) than the tunnel barrier for holes. The transmission prob-
ability for the electrons, which is approximately proportional

measured on a Zn-doped and Cd-doped sample, respectively. Let® €Xp(-2«2) with x=[(2m/#?)$]¥? and ¢ the average

Zn-doping atom. Scan area: 8®0 nnf. Sample voltage is

barrier height, is therefore much higher than it is for holes.

+1.8 V, and set-point current is 200 pA. Right: Cd doping atom.For this reason, the contribution from electrons tunneling to

Scan area: 109100 nnf. Sample voltage ist 1.55 V, and set-

point current is 150 pA.

the conduction band dominates the tunnel current, and, in
particular, conduction-band states are imaged by the STM at
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FIG. 3. Schematic representation of the GEAS) surface. The

first- and second-layer Gapen circlesand As(closed circlesare FIG. 4. Filled-state image of the Zn-doped (@0 surface.

plotted. In this figure, the results are summarized that follow fromSample voltage—0.80 V. Set-point current: 100 pA. Scan area:

the line profiles in Figs. ()—1(g). The numbers and letters at the 30X 30 nn?. Three Zn-induced features can clearly be seen.
top and on the right of the figure correspond to the numbers and

letters of the line profiles in Fig. 1. The shaded area roughly detip-induced band bending. However, Friedel oscillations

scribes the region in which the Ga atoms are lifted. The Zn-dopingvere very difficult to observe ip-type GaAs because the

atom is positioned in the second layer, not in the center of theorrugation amplitude of the Friedel oscillations was of the
triangle, but more towards the top vertex. same order of magnitude as the corrugation amplitude of the

tomic lattice’ In only a few cases did we observe very
eak Friedel oscillations ip-type GaAs, and an example of
these weak oscillations is shown in Fig. 6.

high enough positive sample voltage. Since the number
conduction-band states available for tunneling is reduced i
the vicinity of the Zn impurity, a depression in the surface
topography is visible as observed in Figgb)land Fa). S .
The contribution from holes coming from the impurity
band and tunneling to the metal tip can be increased by de %
creasing the applied voltage between tip and sample, thu
moving towards the band-gap energy of the GaAs or InP;
sample. Due to the increased number of valence-band state
available for tunneling in the vicinity of the Zn dopant, an
elevation will be visible in the surface topography. In Figs.
1(c) and Jd), the depression has indeed been replaced by a
elevation in the surface topography. However, the elevatio /
is not circular but has a triangular shape. This has previously ’
been observed on the10-cleavage surface of Zn-doped
GaAs at room temperature by Zheegal.® but they did not
observe any depressions in their empty-state images &
higher sample voltages.
The shape of the triangular features is the same for all
observed features, only their intensity varies. Features wit
smaller intensity are induced by doping atoms located furthe
away from the surfaceFrom this, we can conclude that the
depth of the doping atoms does not influence the shape of th
triangular features. The chemical nature of the acceptor at
oms probably does not influence the induced features eith
since both images on the Zn-doped and Cd-doped GaA
samples show comparable results. FIG. 5. Four empty-state images of the Zn-doped(11P) sur-
As in Ref. 6, Friedel oscillations are to be expected wherace. Set-point current: 100 pA. Scan areax3D nnf. Sample
free charge carriers are accumulated at the surface. F@bltages:(a) +2.20 V,(b) +2.00 V,(c) +1.80 V,(d) +1.60 V. If

p-type GaAs, this is the case for positive sample voltages, itthe sample voltage is lowered, the Zn-induced features change from

which case holes are accumulated near the surface due tocular depressions into triangular elevations.
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cause the radius of a negative ion is usually larger than its
0,002 positive counterpart.
Second, we want to compare our observations to those of

—_ 0 . .
E o Feenstraet al® They published observations of noncen-
N 0'004 trosymmetric features with two satellite structures at the

(110 surface of a low-temperature-grown GaAs sample.
6 4 2 0 2 4 6 They proved that the features are induced by isolated subsur-
r(nm) face positioned arsenic antisitéAs on a Ga site These
features are only visible by STM when tunneling inside the
FIG. 6. Left: empty-state image of the Zn-doped GHAS) defect-state band. The features extend over a few atomic
surface. Sample voltaget 2.5 V. Set-point current: 50 pA. Scan distances, and the shape is determined by the electron wave
area: 1X 11 nnt. Three Zn-induced features are visible. The cir- functions of the antisite defect. Reference 10 provides a the-
cular depressions are surrounded by a maximum. Right: line profilgretical calculation for these defects showing an intricate in-
through one of the Zn-in_duced features indicated by the line. Th?erplay of the defect-wave function with the presence of the
atomic lattice has been filtered out. surface.
Our results are comparable to the results of Feersteh
The observed triangular features also extend over a few
For p-type InP, the depressions were surrounded by nonatomic distances and are only visible when tunneling into the
centro-symmetric maximgFig. 5@a)], which we did not ob-  impurity-induced energy band. Therefore, the triangle shape
serve for thep-type GaAs samples. The maxima were rathercould be an image of the wave functions belonging to the
clear, yet no depressions around these maxima could be occeptor atom. However, it should be noted that in the case
served. It is possible that due to the strong decay of thef the arsenic antisite features observed by Feerested,
Friedel oscillations only one maximum can be observed, buthe images strongly depend on the depth of the defect while
because of the higher effective mass of holes in In® ( in our case the triangular features are remarkably indepen-
=0.49m,, with m, the free-electron magghan in GaAs dent of depth.
(m,=0.37m,), Friedel oscillations are expected to be even Finally, we want to make a qualitative symmetry consid-
weaker inp-type InP than inp-type GaAs. Since Friedel eration. Figure 3 shows that the three As first neighbors of
oscillations were observed only in a few casespitype the Zn dopant form a triangle whose orientation is the same
GaAs, and since they were already very weak, we do nojs that of the observed triangular features. However, the As
expect to observe any Friedel oscillationspitype InP. This  atoms are negatively charged and are only seen in filled-state
may indicate that there is only one maximum around eaclkmages(negative sample voltaggswhereas the triangular
dopant-induced feature, similar to that observed in Ref. Features are only seen in empty-state imagesitive sample
although dark rings around bright elevations were foundvoltages, in which case the positive Ga atoms are imaged.
there. These dark rings were explained as the image of @he doping atoms might change the ionic bonds between the
local potential change induced by the presence of thgsa and As atoms, which might cause the As atoms to influ-
charged dopant. In addition, the asymmetric shape of thgnce the STM images at positive sample voltages resulting in
maxima has never been observed before. The observgfle opserved triangular features, but we have no further evi-
asymmetry could be related to the triangular elevations obgence to support this hypothesis. Therefore, we have to con-

served at lower sample voltages. However, the origin of thg,de that the precise origin of the triangular features is still
asymmetry in the maxima observed in our STM images ig;nknown.

not clear at present.

The origin of the triangular features is not clear either. We
observed these features fpitype GaAs doped with Zn and
Cd, and forp-type InP. Since the feature varies with chang-
ing sample voltage, it has to be of an electronic nature. We presented and discussed the dopant-induced features
Zhenget al® also reported the observation of triangular fea-of Zn- and Cd-doped GaAs, and Zn-doped InP measured
tures in Zn-doped GaAs at room temperature. However, thewith a low-temperature STM at 4.2 K. Very weak Friedel
observed these triangular features for sample voltages bescillations were observed in a few empty-state images of
tween+1 V and+3 V and did not report any depressions. the Zn-doped GaAs. For the case of Zn-doped InP, all de-
They discussed possible modification of the electronic statpressions were surrounded by noncentrosymmetric maxima.
of the Zn dopant due to mechanical distortion of the lattice We cannot give a satisfactory explanation for these maxima
which is caused by the difference in atomic radii of Zn andat present.

Ga. The radius of a Zn ion is indeed larger than for a Ga ion Upon moving the tip Fermi level to the bottom of the
(0.83 A and 0.62 A, respectivelyand a Cd ion also has a conduction band, we observed that the depressions turned
larger radius (1.03 A). However, the radius of an In ion isinto elevations with a triangular shape for the Zn- and Cd-
0.92 A, which is slightly larger than that for a Zn ion. On the doped GaAs, and the Zn-doped InP. The chemical nature of
other hand, the Zn dopant is negatively charged, whictthe dopants(Zn or Cd did not influence this triangular
means that its ionic radius is probably slightly larger, be-shape, and the depth of the dopants did not have any

V. SUMMARY
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influence on the shape either. The orientation of these trian- ACKNOWLEDGMENTS

gular features was the same for all observed doping atoms

and was geometrically determined with respect to the host We would like to thank J. G. H. Hermsen and J. W. Ger-
lattice. The location of a triangular feature with respect to aritsen for their technical assistance. Part of this work was
doping atom was also determined. The features were onlgupported by the Stichting Fundamenteel Onderzoek der Ma-
visible when tunneling to the impurity band suggesting thatierie (FOM), which is financially supported by the Neder-
the features are a direct image of the acceptor state althougéndse Organisatie voor Wetenschappelijk Onderzoek
their precise origin is still unclear. (NWO).

1C. Domke, M. Heinrich, Ph. Ebert, and K. Urban, J. Vac. Sci. 8J.F. Zheng, M. Salmeron, and E.R. Weber, Appl. Phys. 16tt.

Technol. B16, 2825(1998. 1836(19949; 65, 790E) (1994.
2M.B. Johnson, O. Albrektsen, R.M. Feenstra, and H.W.M. °R.M. Feenstra, J.M. Woodall, and G.D. Pettit, Phys. Rev. Lett.

Salemink, Appl. Phys. Lett63, 2923 (1993; 64, 1454E) 71, 1176(1993.

(1994). 1R B. Capaz, K. Cho, and J.D. Joannopoulos, Phys. Rev. I%tt.
3JF. Zheng, X. Liu, N. Newman, E.R. Weber, D.F. Ogletree, and 1811 (1995.

M. Salmeron, Phys. Rev. Leff2, 1490(1994). 1B Grandidier, Huajie Chen, R.M. Feenstra, D.T. MclInturff, P.W.
4Ph. Ebert, M. Heinrich, M. Simon, C. Domke, K. Urban, C.K. Juodawlkis, and S.E. Ralph, Appl. Phys. Left4, 1439

Shih, M.B. Webb, and M.G. Lagally, Phys. Rev. 33, 4580 (1999.

(1996. 123.W.G. wildeer, A.J.A. van Roij, H. van Kempen, and C.J.P.M.

SFor our INR110 surfaces, we estimated the maximum depth at Harmans, Rev. Sci. Instrung5, 2849(1994.
which a doping atom is positioned and can still be observed td®The doping concentrations were copied from the specification
be 3.3 nm. This corresponds to 15 subsurface layers. For our lists enclosed with the commercially bought wafers. The doping

GaAg110 surfaces, we obtained similar resulRef. 7). concentration of the Zn-doped InP was verified by electrical
5M.C.M.M. van der Wielen, A.J.A. van Roij, and H. van Kempen,  conductivity measurements performed by P. M. Koenreiaal.
Phys. Rev. Lett76, 1075(1996. from the Eindhoven University of Technology.
"M.C.M.M. van der Wielen, Ph.D. thesis, University of Nijmegen, *This method has been described before by Johesah (Ref. 2
1998. and Ebertet al. (Ref. 4.

125336-6



