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Scanning tunneling spectroscopy study of erbium doped GaSb crystals
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Er doped GaSb single crystals have been studied by scanning tunneling spectri&ESpsnd
cathodoluminescencéCL) in a combined scanning electron microscope—scanning tunnelling
microscope system. The surface band gap in doped samples has been found to be about 0.5 eV while
in undoped crystals the gap is close to the bulk value. Inhomogeneities in the local electronic
properties of the doped crystals are studied by a correlation of the CL images and STS data.
© 1999 American Institute of Physids$0021-89709)09715-7

I. INTRODUCTION tion and of space resolution. The use of a combined SEM—
STM instruments is particularly suitable for such correlative

Rare-earth doping of semiconductors has potential applistudies. In the present work a SEM—STM system, consisting
cations in optical devices requiring temperature stability,of a STM implemented in the chamber of a SEM prepared
such as semiconductor lasers. In these systems a sharp &od CL detection, has been used to study local electronic
temperature-independent rare earth luminescence is presgrbperties of erbium-doped GaSb crystals.
due to the intra-i—shell transitions in the ions. The rare-
earth centers can be activated by minority carrier injection!l. EXPERIMENT
In the case of erbium, one transition between tlideels The pure and Er-doped GaSh Crysta's were grown by the
corresponds to an energy of about 800 meV which is in thgertical Bridgman technique with Er concentration of 0.4
region of minimum transmission loss in silica-based opticalwtos in the melt. The crystals were 12 mm in diameter and
fibers. The 800 meV transition has been reported for differabout 40 mm in length. Wafers were cut perpendicular to the
ent Er-doped Ill-V compounds> In the case of GaSb the growth axis. The wafers were chemomechanically polished
effect of erbium has been studied by photoluminescehce to a mirror finish and observed in a Hitachi S-2500 SEM or
and by cathodoluminescen¢€L) in the scanning electron 3 |eica 440 SEM at accelerating voltages of 20—30 kV in the
microscope(SEM).? In Refs. 6 and 7 photoluminescence secondary-electron and the CL modes. Details of the experi-
spectra dominated by exciton lines were reported. Clmental setup for CL measurements have been described
microscopy showed that at moderate erbium doping the naelsewheré! For the STM measurements the combined
tive acceptor concentration decreases while at high Er corSEM—-STM based on a Leica 440 SEM operating under a
centration doping is not as efficient in suppressing acceptorgacuum of 10° Torr was used. The small size of the STM
due to the formation of Er—Sh precipitates. It appears thagnabled it to be mounted on the SEM specimen holder. The
variations of Er concentration influences the local electronignain features of this system are similar to the ones previ-
structure of GaSb. This is for instance detected by the
changes of the acceptor relatédand at 777 meV observed
in CL.

The SEM-based techniques used to investigate electronic
recombination in semiconductors, as CL, have space resolu-
tion in the micron or submicron range. On the other hand
STM and STS enable us to investigate the structural and
electronic properties of semiconductors with higher resolu-
tion. In particular, spatially resolved spectroscopic methods
as current imaging tunneling spectrosco®ITS)® provide
images that reveal nanometer scale variations in the surface
electronic structure of the sampl¥dn some cases it appears e ; i
of interest to study the electronic properties of the sample 700 750 800 850 900
with SEM and STM technigues and to obtain correlative Photon Energy (meV)
information with different orders of magnitude of magnifica-
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Fit Line
1 © Experimental Data .,

CL Intensity (a.u.)

FIG. 1. Typical CL spectrum of GaSh:Er at 90 K. Dots correspond to
experimental data, and dashed lines show the fit to 777, 794, and 800 meV

dE|ectronic mail: Piqueras@eucmax.sim.ucm.es bands, respectively.
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FIG. 2. (a) Secondary electrons image of the sample doped with erbium
showing triangular precipitategh) CL image of the same area. Precipitates
appear with dark contrast.

ously described in Ref. 12. Electrochgmlcally etched or Mex . 4 500¢500 % STM image of a GaSb:Er sampléa) Topography
chanically sharpened Pt—Ir and Au wires were used as STMnage acquired with a sample voltage 0.9 V and 0.7 nA tunneling
probe tips. For CITS measurements the constant current teurrent.(b) Corresponding image in derivaté)—(d) Corresponding CITS
pograph was obtained in a 12828 pixel grid, the feedback Mages obtained at1.35 V(c) and —1.35 V (d) sample voltages.

loop interrupted for 2 ms, and the voltage digitally ramped

from the tunnel voltage to a set of 44 predetermined Va'“eﬁround [Fig. 2(b)]. The precipitates have been previously

while the current was sampled. This provides 44 tunneling,,nq py x-ray microanalysis measurements to be composed
current files at different voltages in addition to the current s £r and S

constant topograph. To analyze the data, the normalized dif- 1he SEM—STM combined system enables us to perform

ferential conductance,d(/dV)/(1/V), spectra were used. g1\ spectroscopic measurements in regions with different

This quantity provides a rather direct measure of the surfacgectronjc recombination properties as revealed by SEM—CL
density of state? For the STM measurements the samplesimages. Such correlation has been previously carried out in

were cleaned with hydrochloric acid and acetone to removeg_y/ compound semiconductof.In the present case the
oxides, dried in a flow of dry nitrogen, and immediately honemitting regions correspond mainly to the precipitates
mounted in the microscope chamber. revealed in the SE images so that the STM tip could be
selectively located on a precipitate or a precipitate free zone
while observing the sample in the SE modeg. 3). STM
lll. RESULTS AND DISCUSSION current constant and CITS images were recorded in both un-
The CL spectra of the undoped samples show the bangc’p(Ed and doped samples. CITS ima.ge.s of al! samples shpw
to band transition at 796 meV and the transition at 777 me\};ontras_t due tq local conductance variations with high spatial
due to native acceptoté Typical CL images of the undoped resolution. This contrast appears for voltage values below
samples reveal the presence of subgrain boundaries in a(,jpd above_the bulk band gap qnd is higher in the doped
brighter, almost featureless backgrodfdCL spectra of the sample;. Flgurg 4 shows CITS Images of QOped sample.
doped samples show the bands present in the undop 0urthermforma’uon on the sample inhomogeneity is obtained

samples and a band at 800 meV, which corresponds to fom the normalized differential conductance curves. The
intraionic transitiongFig. 1). Secondary electron images of

these samples show triangle shaped precipitates usually with ;
the same geometrical orientatififig. 2(a)] which in the CL ‘ |
images appear as dark regions in an inhomogeneous back- AT ;’
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FIG. 5. Normalized differential conductance spectrum from an undoped
FIG. 3. SE image of an electrochemical tip on a precipitate of erbium. sample of GaSb.
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obtained in different areas of a given precipitate. This indi-
cates that the precipitates have nanoscaled, probably compo-
sitional, inhomogeneities.

| —e— Ona precipitate
—=— Out of a precipitate

»,

IV. CONCLUSIONS

L)
\'-.._'_P,f \"'L In summary, the effect of high Er concentration on the
electronic properties of GaSb has been studied with a SEM—
STM instrument. The presence of erbium causes the appear-
ance of a CL band related to intraionic transitions but does
N not change the bulk band gap as measured from the CL spec-
tra. STM—CITS reveals local differences in the surface band
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\}‘ \ / gap value with high spatial resolution. In particular an er-
W z bium induced reduction of the surface band gap, to a value of
0.5 eV, in precipitate free areas and the nearly metallic be-
‘1 T ‘0' T 1‘ T havior on Er—Sb precipitates have been observed.
Voltage (V) ACKNOWLEDGMENTS
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doped samplefa) from a free precipitates area afid) from a precipitate. 0639 and by CICYT(Project Nos. ESP95-0148 and ESP98-
1340.

curves were plotted from the data of the CITS images corre-X. zhao, K. Hirakawa, and T. Ikoma, Appl. Phys. Leit, 712 (1989.
sponding to the 44 selected voltage values by averaging théﬁ'gf(i';'g']; H. Kobayashi, S. Yugo, and T. Kimura, Appl. Phys. L&8&,
data on small regions. F|_gure 5 shows a curve of one of OUR ™3 "Neuhalfen and B. W. Wessels, Appl. Phys. LB8, 2317(1991).
undoped samples, in which a surface band gap of about 808y, Thaik, U. Hammerich, R. N. Schwartz, R. G. Wilson, and J. M. Za-
meV, close to the bulk value of 796 meV measured in the CL vada, Appl. Phys. Let{71, 2641(1997.

- P. B. Klein, Appl. Phys. Lett71, 2662(1997).
QOped GaSt_) is revealed by the asymmetry of the curve relasy o, "2 M Wu, J. Appl. Phyg8, 6691 (1995.
tive to the sign of the sample voltage. Y. Sun, M. Wu, and Y. Ting, J. Cryst. Grow®6, 449 (1996.

Figure 6 shows normalized differential conductance ®P. Hidalgo, B. Meadez, J. Piqueras, J. Plaza, and E.dDiez, Semicond.
curves of the Er-doped samples. Cura recorded on a 9§C|j Tﬁ;’mﬁ I:?Mf/ll('lj:r?)?g and J. E. Demuth, Phys. Rev. 561972
precipitate free area shows an energy gap of about 0.5 eV,(l'gg'& e P o Py, Rev:
which is lower than the value measured in the undoped°r. M. Feenstra, Surf. Sc299/300 965 (1994,
sample. The influence of erbium impurities on the surface};B- Mendez and J. Piqueras, J. Appl. Phgs, 2776(1991). '
band gap is possibly due to local changes of stoichiometry or ?é?ﬁ:;loéﬁéBfggg?i 552;"' Ganez-Rodriguez, and A. Bard. Vac. Sci.
defect structure. On the contrary, the presence of erbiumkg "\ Feenstra, J. A. Stroscio, and A. P. Fein, Surf. $8l, 295(1987).
does not influence the bulk band gap value as revealed by thér. Hidalgo, B. Madez, P. S. Dutta, J. Piqueras, and E.dDiez, Phys.
corresponding emission band in the CL spectra. Cubye ~ Rev. B57, 6479(1998. o _
showing an almost metallic behavior, was recorded on one of > '\gg”(‘i‘;g’;' Piqueras, P. S. Dutta, and E.doiez, Mater. Sci. Eng., B
the triangular precipitates. Slight variations of the shape ofsg’ panin, C. taz-Guerra, and J. Piqueras, Appl. Phys. L&, 2129

the curve and of the measured gap relative to cubyeare (1998.

Downloaded 21 Feb 2013 to 147.96.14.16. Redistribution subject to AIP license or copyright; see http://jap.aip.org/about/rights_and_permissions



