PHYSICAL REVIEW B VOLUME 57, NUMBER 11 15 MARCH 1998-|

Scanning tunneling spectroscopy of a two-dimensional electron gas on the surface of ZnO
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Scanning tunneling microscopy and spectroscopy are employed in studies of ZnO single crystals. In par-
ticular we focus on spatially resolved tunneling spectroscopy of electron accumulation layers, produced by
low-energy implantation of hydrogen ions on the oxyg@001) face. These layers constitute a quantized
two-dimensional electron gas system on fiee surface. The tunneling current-voltage ) anddl/dV vsV
curves acquired after implantation show structures which reflect the energy minima of the two-dimensional
electronic subbands and localized surface stg&%163-182€98)01111-4

In accumulation or inversion layers at a semiconductor100 to 400 eV hydrogen-ion implantation resulting in a
surface, the associated electric field may be strong enough $ayer which is not sensitive to oxygen expostire contrast
that electrons are constrained to move parallel to the surfade all other methods’
in a narrow potential well, and their motion perpendicular to A variety of experiments have been carried out on ZnO
the surface is quantized. Due to this confinement, the thredccumulation layers, such as electrical transport and surface-
dimensional conduction band splits up into a series of twocapacitance measurements that established experimentally
dimensional subbands, corresponding to the different eigerih® two-dimensional nature of this electron sysfefhLow-
states of the potential well. Each subband contains a corNergy electron loss spectroscopy has also been used, for

tinuum of levels, since the electrons are free to move paraligiiudies of two-dimensional plasmohdhe latter technique,

to the surface, and its energy minimum coincides with thewhich is purely surface sensitive, was effective by virtue of

energy of the corresponding quantized leveuch two- the electron-rich layer located at the free surface. On the

dimensional electron ga2DEG) systems have been subject other h".md' ST™ measurements on these ac_cumulat_lon lay-
. . . : L ers, which may yieldirect information on their quantized
to intensive research for quite a while now, mainly in metal-

id conduct fruct d 4 th nature, have not yet been reported. Previous STM studies of
oxige-semiconductor structures an n €Zno were performed mainly on polycrystalline samples,

GaAs/AkGa,_,As interface. The 2DEG in the systems yomongtrating that the applicability of this technique can be
above is embedded relatively deep in the sample, more thalitended to  the regime of large band-gap

100 nm away from the free surface, and is therefore notemiconductors®®* The spatially resolved tunneling

accessible to investigations via scanning tunneling microsgrent-voltage (-V) characteristics manifested variations in
copy (STM) and spectroscopy. Recently, STM studies werehe |ocal electronic properties, correlated with morphological
reported for the INAGL10) surface, where some of the data features such as grain boundaries. In particular, the authors
indicate an existence of quantized surface stafise clean  studied the effect of adsorbates on the surface electronic
INAs(110 surfacecannotinherently sustain a 2DEG. How- properties due to induced band bending. However, quantized
ever, due to tip-surface interaction and Fermi-level pinningaccumulation layers, as created and studied in our experi-
at step edges, strong accumulation layers may be formed hpents, were not investigated in their work.

applied electric fields, resulting in quantized electron levels
at the surface. Quantized accumulation layers at InAs-oxide

interfaces have also been previously studied ukinge-area /
tunnel junctions’ In this paper we present localized tunnel-
ing spectroscopy measurements orsedf-sustained?DEG
system produced at thfeee surface of ZnO by low energy < Ei B lev E,
implantation of H ions. A schematic energy diagram of the

tip-sample tunnel junction after implantation is presented in Tip Zno Tip 700
Fig. 1. Our data clearly depict quantized electronic states in
the 2DEG, and conform with theoretical calculations per- @ ®)
formed for this systerfi.

It has been demonstrated by our group, as well as b¥un
others, that the “oxygen’(000)) face of ZnO can support
extremely's'trong electron gccu_rTZ]uIatlon layers. Sgrfacegele%th a positive tip voltaggb). In (a), the surface bending of the
tron densities up to 2 10" c_m hgve been aCh'_EVéld’_ bottom of the conduction band, is primarily due to the implan-
more than an order _Of magnitude higher than att_alned in theytion. A narrow(~10-20 A wide potential well is created, con-
other systems described above. Such accumulation layers &fging electrons to the surface in a quantized accumulation I&gr;
characterized by a width of 10 A and nearly metallic vol-  andE, represent minima of two-dimensional subbands. When posi-
ume concentration, and thus constitute a nearly perfecively biasing the tip, the band bending may increase, resulting in a
2DEG system. A number of methods are available for pronarrower and deeper surface potential w)l. Consequently, the
ducing these accumulation layers in ultra-high-vacuum consubband minima shift relative to each other and to higher energies
ditions. Most effective, for our purpose, is via low-energy with respect to the bottom of the potential well.

FIG. 1. Schematic energy diagrafdrawn not to scaleof the
nel junction between the STM tip and the ZnO surface after
hydrogen implantation, with no applied tip-sample voltdgeand
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The ZnO single crystals were supplied by the Airtron Co.
We have used samples having relatively high bulk conduc-
tivity, above 10! (Q cm)™! at room temperature. Such
high conductivity is due to stoichiometric deficiency of
oxygen*? resulting in a heavilyn-doped, nearly degenerate
semiconductor, where the Fermi levetyd) is positioned
within 100 meV from the bottom of the conduction band
(Ec) in the bulk. The conductivity can be reduced to the
intrinsic value, lower than 10’ (2 cm)~ %, by annealing in
oxygen atmosphereLow conductivity samples were used in
the previous surface-transport measurements, in order to
minimize the parallel bulk conductance and simplify the as-
sessment of the 2DEG properties. These samples, however,
are obviously hard to reliably measure with STM, therefore
high conductivity samples were used in our research. Never-
theless, the contrast between tunneling spectroscopy mea-
surements performed before and after hydrogen implantation
is still clearly evident, as shown below.

The samples were cut to typical dimensions of
10X 5x 1 mn? with the hexagonaC axis perpendicular to
the large surface. The measurements were carried out on the
oxygen(000)) face of the crystal. The surface was polished
with diamond lapping compound to a corrugation less than 1
pm, then etched for 30 sec in HCI and finally chemically
polished in a 2% bromine methanol solution.

Our home-made STM is housed in a vacuum chamber
having a base pressure ok1.0™° Torr. The sample surface
was cleaned by repeated cycles of 2 keV Ar-ion bombard-
ment at a pressure of»610"° Torr and subsequent anneal-
ing at 400-500 °C. The accumulation layers were produced
in situ after the cleaning by implanting 200 eV hydrogen
ions in the sample. The ionic penetration depth is less than
20 A, thus the implanted ions reside very close to the sur-
face. Consequently, a high electrostatic field is created, giv-
ing rise to a strong surface accumulation layer confined to
the surface by a narrow potential well. The STM measure-
ments were performed at different stages of surface prepara-
tion: after Ar ion milling, after annealing and after H implan-
tation. We have acquired simultaneously topographic images
and locall-V characteristics. The latter yield information on
the local density of states, in particular on the two-
dimensional (extendedl and localized electronic surface
states. Thd-V curves were taken while momentarily dis-
abling the feedback and scan circuits, and thus at constant ¢ 400 nm >
tip-sample distance and lateral tip position.

Topographic images of the oxygen face of ZnO at differ- FIG. 2. Three STM topographic images of the oxygen surface of
ent stages of surface preparation are shown in Fig. 2. ThenO taken before annealing), after annealingb), and after hy-
images were taken with a tip bias ef1 V and tunneling drogen implantatioric). The areas of the images are>480 nn?,
current of 0.6 nA. The size of the image presented in Fig400x 400 nnf, and 400<400 nn¥, respectively.

2(a) is 40X 40 nnt, and was acquired after Ar ion milling
and before any annealing process. One can see that the s
face is disordered, and exhibits roughness having a Iater%l
scale in the range of 1 to 10 nm. This roughness is due t
both fche polishing procedure, which obvio.usly does notyield | Fig. 3 we present two tunnelintV characteristics,
atomically flat surfaces, and to the Ar ion bombardment,,ne taken before H implantatighut after annealingand the
which is expected to induce surface damage at the nanometgfher after implantation, as denoted. Both were taken with
scale. Figure @) depicts a square of side 400 nm after an-the same setting of the tip bias and tunneling curtbafore
nealing. The average lateral roughness scale is now muclisabling the feedbagk —1V and 0.25 nA, respectively.
larger, of the order of 100 nm and more, and the surface¢Note that for positive voltage electrons flow from the
roughness features such as shown in Fi@ n the 1-10  sample to the tip, thus ZnO filled states are shown at positive
nm range have nearly completely vanished. Figur@)2of  bias) The effect of implantation is clearly manifested by the
side 400 nm, was acquired after H implantation at an energdifference between the two curves. First, the differential con-

F_ZOO eV. It is clear, from comparing Figs(l and 2c),

at the H implantation does not damage the surface consid-
rably. Similar to the previous works on Zr®'we too did

ot yet achieve atomic resolution.
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v tunneling through localized surface statsiilar to Ref. 15

and the structure at larger bias to the two-dimensional sub-
bands(of extended statg¢sas explained below. Note that the
H implantation does not affect much theV curve at large

. | before Himplantation —» /" | 0 negative voltages. In this voltage range electrons tunnel from
| the tip to available empty states above the ZnO Fermi en-
> L 1, ergy, and on both sides of the tunnel junction the electronic

] ] density of states is a smooth, structureless, function of en-
«—— after H implantation
o LT O T T — 4 ergy.

Tunneling Current (nA)

I ! We note that out-V curves do not exhibit a large energy

2 L T T band gap~3.2 eV, characteristic of Zn®? namely, we do
2 -1 0 1 2 3 not observe a plateau in theV curves. This is because we

Tip Bias (V) performed our measurements oanducting heavily doped

FIG. 3. Two tunneling I-V characteristics taken at room tem- Samples, as noted above. Furthermore, positive tip-bias en-
perature on the oxygen surface of ZnO. The upper curve was ad¥ances the ZnO surface electron concentration, reduces the
quired before hydrogen implantation and the lower curve after im{unnel-barrier height, and consequently the tunneling con-
plantation, as denoted. ductance is increased. In fact, oV curves takerbefore

implantationare similar to some of those presented in Refs.

ductance @1/dV) at zero bias is much larger after implanta- 10 and_ 11, obtained for samples having similar transport
tion. This results from the formation of a strong electron Properties to ours. The authors (.)f those papers a_ccounted for
accumulation layer at the surface. Consequently, the surfaéﬁe'r data assuming that therg IS a yveak dgpleuon ""?yer on
electron density of states aroutiit} that are available for the surface and t_hat the Fermi level is not plnneq. This may
tunneling is enhanced. More significant is the difference bef"ls‘0 be the case in our samples before |mplanta}tlon, although
tween the two curves at bias voltages larger theahV. The we do not have enough data to uniquely establish these con-
- : . f jectures.
curve taken before implantation keeps growamgoothlyand lec : . .
exhibits no significant structure. Its parabolic shape result Thf T,thrfacelstates a:je Tanlfelslt(ejij/ mor\e/ cltearly in the dif-
mainly from the monotonic increase of the tunneling rate erential tunneling conductancel VS V, lraces pre-

with applied voltage due to reduction of the average tunnelS€nted in Fig. 4, where we focus, according to the discussion

barrier height*>*The curve taken after implantation shows, above, only on the positive bias rand€urves are shifted

on the other hand, a much richer structure at this voltagé{ert'ca”y’_ for clant_y)_ The lower curve was acquired before
range. One can observe a peak manifesting negative diﬁeppplantatlon, and '.t IS |r)deed smoo_th and_structure_less. The
ential resistancéNDR) at 1.4 V tip bias and a faint step increase with applied bias of the differential tunneling con-

structure(which is well resolved in the derivative traces pre- guc'ganche '|shtpr|marll3t/ gueb to th_?hreducnor][hof the average
sented in Fig. % at larger bias. We attribute the NDR to arrer height, as noled above. 1he upper three curves were
taken after implantation, at different lateral tip positions over

the sample. These three curves, as wethlad|/dV charac-
teristics measured after implantation, exhibit a series of three
major peaks, which are not always well resolvéslg., the
middle peak in the second curve from the top appears more
7 similar to a shouldgr The dl/dV curves are time indepen-
dent for a given tip positiorfat least for time scales of the

_ order of one hoyr The exact positions of the peaks vary
from one tip position to another, due to surface inhomoge-
neity which should be prominent in the disordered surface
obtained after implantation. The general features, however,
are reproducible, as evident from the figure. The first peak of
each curve, labeled “localized” at the upper curve, corre-
sponds to the NDR peak in Fig. 3 and is attributed to tunnel-
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Differential Conductance, dl/dV (a.u.)

002} . ing through a localized surface state. The two peaks at larger
w voltages reflect, we believe, the minima of the first and sec-
0.04 A\ i ond s_ubband_s, and are a_ccordingly labeledand E,, re-
. . . . . spectively(using the notation of Fig. 1 and Ref).4
00 05 10 15 20 25 We shall first discuss the large bias region of th¥/
Tip Bias (V) curves, where the characteristics resemble those acquired on

FIG. 4. Differential conductancdl/dV vs V curves taken on the 2DEG at the InAs-oxide interfa¢see Ref.  and come

the oxygen face of ZnO. The lower curve was acquired beford?@CK later to the NDR feature. The shape of the curves, in
hydrogen implantation. The three upper curves were measured aftB@rticular the occurrence of the two pedkg andE,), needs
implantation, at different lateral tip positions. The peaks lab&lgd SOme explanation. A&g of the tip sweeps down across a
andE, reflect the minima of two-dimensional subbands at the spesubband minimunie.g., E; in Fig. 1(b)], one expects to
cific tip position, and the peak labeled “localized” is due to tun- observe a shargdrop in the differential tunneling conduc-
neling through a localized surface state, see text. tance due to a sharp decrease in the density of ZnO surface-
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electron states at energy equalBp of the tip. (Recall that parallel wave vector is not strictly obeyed, due to surface
the electronic density of states for each two-dimensional suldisorder. Thus, it is nearly impossible to determine the sub-
band is constant, independent of enerdghhis contribution  band dispersion relation from olV traces. This is in con-
to the conductance variation is superimposed on anotheftast to the case of three-dimensional electron states and
which tends toincreasethe differential tunneling conduc- ordered surfaces discussed in Refs. 13 and 14. We also
tance, namely, the reduction in the average barrier heigtffould not employ the method introduced by Hasegawa and
upon raising the bias. The result of the above two opposing\vouris'® and by Crommieet al,*’ who determined the dis-
contributions is al1/dV vs V curve exhibiting peaks super- Persion relation of two-dimensional states at(Al0) and
imposed on an otherwise monotonically increasing line: eacffU(111 surfaces, respectively. The relatively rough ZnO
peak appears approximately at an energy where the Ferrﬁprface makes it !mpossmle to image standlng—wave patterns
level in the tip crosses the minimum of a two-dimensionall the_ Iocal_densﬂy of states formed by interference of the
subband at the specific tip location. two-dlmenS|on_aI _surface states_,. However_, our transport
The positions of the peaks in tl/dV vs V curves rela- measgremen‘isndlcate tha_t despite the.relat|vely large sur-
tive to each other do not exactly yield the energies of thd@ce disorder, the electronic wave-functions exéendednd
subband minima. The reason is, that part of the voltage aF}_he systgm |§ in thenetallicdiffusive W(_eakly localized trans-
plied between the tip and the sample drops in the accumuld©"t regime’® The NDR peak shown in Fig. @and the cor-
tion layer, so as the bias voltage is increased, the surfad@Sponding structure in Fig)4re similar to previous obser-
band bending also increases, and the energy minima cons¥ations of tunngllng through surface localized states, e.g., by
quently shift, as illustrated in Fig. 1. However, this process-Y© ands Avouris for submonolayer boron covered13d)
has only a small effect in our case, since, due to the stron urface:® These authors have shown thaspecifictip loca-

initial accumulation layer(after implantatioy, the Fermi UONS thel-V curves exhibit NDR, attributed to tunneling
level at the ZnO surface is effectively pinned. This is be-through localized atomiclike states. We think that also our
cause a very large amount of additional charge is now r(_:.(_:h:;_\racterlstlcs manllfest tunneling t.hrough Ic_)callzed states,
quired to significantly affect the space charge region. IndeedVhich are probably induced by the implantation process. In
we do find that the difference between the measured ped®Ur case, however, NDR is observedearytip position,
positions agree fairly well, to within 0.1 eV, with the theo- athough itis not always very pronounced. This is due to the
retical predictio for a surface electron density of Nigh spatial density of induced localized states that may con-
5% 1013 cm2, a reasonable value in our case. At this con-Stitute, in effect, a two-dimensional surface impurity band.
centration only two subbands are predicted to be befaw . In summary, self-sustained quantized electron accumyla—
and the energy minima differengg — E, is ~0.4 eV This tion layers at the free oxygen surface of ZnO were studied

is one reason, in addition to its shape, that we relate the NDRSING Scanning tunneling spectroscopy. The andd!/dV
peak to localized surface states. vs V characteristics directly reflect a spectrum of surface

We would like to note here that iour case, the tunneling states that consists of both localized levels and the minima of
probability is not very sensitive by itself to the wave-vector WO-dimensional subbands of the 2DEG. These characteris-
component parallel to the surface, since the penetration deplffS Vary in a reproducibléiime-independentway with lat-
of the 2DEG(“envelope”) wave functions into the vacuum eral tip posmon, manifesting spatlal fluctuations of the local
is constant for a given subband, independent of the parall&l€ctronic and surface properties.
wave vectof (There is, of course, an indirect dependence We thank Nira Shimoni and Yair Levi for helpful discus-
due to the fact that tunneling into or from higher energysions and for their assistance in preparing this manuscript.
levels takes place at larger bias and thus with reduced barridthis work was supported by the Israel Science Foundation
height, as noted aboyeMoreover, the conservation rule of Grant No. 032-7625.
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