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Scanning-tunneling-microscope observation of the homoepitaxial diamond (001)
2 X 1 reconstruction observed under atmospheric pressure

Hiroshi Kawarada, Hidehiro Sasaki, and Atsuhiro Sato
School ofScience and Engineering, 8'aseda University, Ohkubo 3-4-l, Shinj uku ku, -Tokyo l69, Japan

(Received 9 March 1995; revised manuscript received 13 June 1995)

The 2X 1/1X2 surface reconstruction of a homoepitaxial diamond (001) surface has been examined
using a scanning tunneling microscope at an atomic scale and reAection electron microscopy at a macro-
scopic scale. The monohydride dimer, which is a unit of the surface reconstruction, has a symmetric
structure. These monohydride structures contribute to the surface p-type conduction in undoped films.
The surface is composed of elongated dimer rows. Antiphase boundaries have been observed, which is
indicative of low-temperature epitaxy where surface migration is limited. Macroscopic surface fatness
has been improved during the growth stage in the presence of oxygen and boron which enhance migra-
tion.

I. INTRODUCTION
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FICx. 1. Ball and stick model of diamond (001) 2X 1:H recon-
structed surface. a X b shows a unit area.

The 2 X 1/1 X 2 surface reconstruction of diamond
(001) surfaces was first observed by Lurie and Wilson' us-
ing low-energy electron diffraction. The surface was re-
ported to be clean and the participation of hydrogen in
the reconstruction was not mentioned. After chemical
vapor deposition (CVD) of diamond has been established,
the reconstruction is reproducibly observed on hydro-
genated surfaces or as-grown surfaces even after being
exposed in air. The first atomic-scale scanning-
tunneling-microscope (STM) image of the diamond
(001)-2X 1 surface taken in air revealed that the recon-
struction is due to dimer atoms. The 2X 1 reconstruction
formed after the CVD process is explained in terms of the
monohydride dimer, because C-H vibration is observed
by several methods ' after the process. The dimer is the
smallest unit in the surface reconstruction. A schematic
model of the (001)-2X1 structure composed of balls an
sticks is shown in Fig. 1. The topmost layer forms
monohydride dimers and the dimers form a row. Hydro-
gen termination is thought to be effective in stabilizing
the diamond phase during the vapor growth process.

While the atomic-scale STM observations of Si (Ref. 7)
or Ge (Ref. 8) surfaces have been carried out in detail to
discuss the homoepitaxial growth processes, those of dia-
mond surfaces have been carried out only in limited
cases. ' One of the reasons is that diamond films ob-
tained on nondiamond substrates are generally polycrys-
talline. However, even in polycrystalline films, dirner
rows on I001I facets and hexagonal structures on I 1 1 1 I

surfaces have been frequently observed. '" This indicates
that the surfaces are composed of these low-index planes
at an atomic scale and that the growth occurs mainly at
these two planes. Recently we presented the atomic STM
images of the (111)surface of homoepitaxial layers where
adsorbates are clearly observed at an atomic scale, '

which are assumed to be growth precursors. A compara-
tive study of the (001) surfaces with the (111) surfaces is
needed to consider the growth kinetics, using homoepit-
axial films from which more general information can be
obtained.

Another topic concerning the diamond surfaces is the
hydrogen-termination effect on electronic properties.
Hydrogen termination is expected to eliminate the sur-
face dangling bonds and to reduce the number of defect
sites that are detrimental for semiconducting device ap-
plications. We recently reported that excellent Schottky
diodes' ' and metal semiconductor field-effect transis-
tors' can be obtained using the hydrogen-terminated
(001)-2X 1 surfaces, for the first time. In both cases, the
p-type semiconducting surfaces of undoped hornoepitaxi-
al films are used for hole conduction. The mechanism of
surface conduction' is still puzzling, but it is certain that
the conduction is related to hydrogen termination, for ex-
ample, surface band bending due to hydrogen termina-
tion at the surface is proposed. ' Tunneling currents can
be obtained through the p-type surface semiconductive
layer. Thus, the surface characterization of (001)-2X1
surfaces using STM is important not only in the diamond
growth mechanism, but also for electronic applications.

In this study, atomic-scale STM study of (001) surfaces
has been carried out in combination with macroscopic
studies using re6ection electron microscopy (REM). The
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fatness of (001) surfaces, microscopic surface growth
mode, adsorbates, and surface electronic structures have
been discussed for the smoothest diamond (001) surfaces
formed by homoepitaxial growth.

II. EXPERIMENT

Homoepitaxial diamond films have been grown by mi-
crowave plasma CVD. The reaction gas was CO(5%%uo) or
CH4(5%) diluted with H2. The total gas How rate was
normally 0.2 1/min and the pressure was 35 Torr. The
substrates were high-pressure synthetic diamond (001)
(1.5X2.0X0.3 mm in size). The substrate temperatures
were kept at around 800—900'C during deposition. Bo-
ron doping was carried out in some samples by 82H6 dur-
ing deposition. Boron/carbon (8/C) ratios in the gas
phase were 1000—2000 ppm and the dosage of boron was
about (1—2) X 10' cm . The deposition time was nor-
mally 3 h and the resultant film thickness was about 1

pm.
The depositions are completed with pure hydrogen

plasma treatment at 35 Torr for 1 min to remove nondia-
mond carbon layers that are formed by residual carbon
gas during the temperature decreasing process. The ob-
tained surfaces are hereafter called "as-grown surfaces"
p-type surface conduction is observed on the surfaces of
undoped films. The popular surface oxidation treatment,
such as Cr03 treatment, was not carried out in our case
in order not to destroy hydrogen termination. Tunneling
currents for STM measurements are supplied from the
surface semiconducting layer, especially in the undoped
samples.

The surfaces of homoepitaxial CVD diamond films
have been characterized using an atomic-scale STM
(Seiko SAM 3000). Two typical scanning modes were
used. One is a constant-current scan where the z move-
ment of the tip is recorded and the other is a constant-
height scan where the tunneling current is monitored.
Hereafter, we call images obtained in the modes "topo-
graphic image" and "current image, " respectively. Mac-
roscopic surfaces were observed using REM (JEM 100
CX) operated at 100 kV.

films liow distinct half-order Laue patterns. Figures 2(a)
and 2(b) show the RHEED patterns of boron-doped
homoepitaxial films on (001) diamond formed from
CO(5%)/H2. The 8/C ratios are 1000 and 2000 ppm in
Figs. 2(a) and 2(b), respectively. Boron concentrations in
the films are measured to be (1—2)X10' cm . The
streaky spots in the half-order Laue pattern in Fig. 2(b)
indicate that the 1 X2 domains are narrow in the direc-
tion of electron incidence, [110] direction in this case,
and elongated in the [110]direction.

The surface morphology has been investigated from
REM images shown in Fig. 3. The surface of the sub-
strates before diamond deposition is shown in Fig. 3(a).
The stripes appearing in the surface are scratches formed
in the diamond polishing process. The roughness of the
surface is about 10 nm in this case. The 2X 1 reconstruc-
tion is observed after 15 min hydrogen plasma treatment.

The morphology of the surface has been changed by
homoepitaxial growth. Figure 3(b) shows the REM im-
age of a layer grown homoepitaxially using CH&(5%)/Hz.
Although the amount of surface stripes decreases, a wavy
structure remains on the surface. In the film formed
from CO(5%)/Hz, the surface fatness is improved and
the contrast of the stripes is weakened. In boron-doped

III. RESULTS AND DISCUSSIQN

A. Macroscopic surface Satness

The surface structures of (001) diamond films have
been characterized from reAection high-energy electron
diffraction (RHEED) patterns. The RHEED patterns
from [110] of undoped homoepitaxial films formed by
CH~ (5%)/H2 shows that the streaky (O, l/'2) spots due to
a 2 X 1 structure have been observed in the zeroth-order
Laue zone. The same result has been obtained in the ob-
servation from [110]. However, the spots expected in the
half-order Laue zone are not present. The surface has
been reconstructed to 2X1/1X2 structure, but is not
smooth enough to produce the elongated reciprocal rods
observed as the half-order Laue spots.

The half-order Laue pattern is observed on the films
formed from CO(5%)/H2. Among them, boron-doped

FIG. 2. RHEED patterns of the boron-doped and as-grown
homoepitaxial fihns formed by CO(5%)/H2. The B/C ratio in
the ambient: (a) 1000 ppm and (b) 2000 ppm. The spots at the
half-order Laue zone are observed.
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FICx. 3. Reflection electron microscope images on the as-
grown diamond (001) surfaces: (a) high-pressure synthetic dia-
mond substrate immersed in H2 plasma for 15 min; (b) undoped
homoepitaxial diamond films formed from CH4(5%%uo)/H2, (c) un-

doped hornoepitaxial diamond formed from CO(5%)/H2, (d)
boron-doped homoepitaxial diamond formed from CO(5+o)/H2.
The B/C ratio is 2000 ppm.

films formed from CO(5%)/H2 with a 8/C ratio of
1000—2000 ppm, the surface is smooth and the wavy
structure has been minimized in the present experiment.
Usually these homoepitaxial layers are observed to be
very smooth in high-resolution scanning electron micros-
copy. The REM is very sensitive to the small roughness
of the surfaces.

The improvement of the crystallinity upon doping of
boron during growth has been reported in some experi-
ments. Enhanced surface diffusion of carbon atoms has
been suggested on the basis of a theoretical calculation

basis that indicates the lowering of migration energy in
p-type or n-type diamonds. ' The results shown in Figs. 2
and 3 can be explained by the migration enhancement.

B. Atonic STM images and surface p-type conduction

The STM images of undoped and as-grown homoepit-
axial diamond films are shown in Figs. 4(a), 4(b), and 4(c).
In the 25X25-nm scanned current image [Fig. 4(a)], the
dimer rows of the (001)-2X1 surface are elongated to-
ward the [110] and [110] directions, forming double
domains. This kind of image is reproducibly observed
from as-grown (001) surfaces of homoepitaxial diamonds
if tip conditions are optimized. The upper left part of
Fig. 4(a) is higher than the lower right part. In Fig. 4(b)
(10X 10-nm scanned topographic image), the total length
of S~ steps is observed to be longer than that of Sz steps
(marked a ). The aspect ratio of Sz to S~ is as high as 3
on average. The two short chains marked b suggest that
nucleation of dimers on terraces may occur at a rate com-
parable to that of addition of dimers to the ends of rows.
This feature resembles that of the lower-temperature
homoepitaxy of Si. It appears that growth occurs pref-
erentially at the S~ steps, but surface migration is limit-
ed. The anisotropic probability of sticking plays a dom-
inant role in the case of the diamond (001) surface. The
average terrace size of this sample is less than 10 nrn.
The adsorbates, which are frequently observed on the
(111)surfaces' formed under the same growth conditions
as those on the (001) in the present work, are not ob-
served in Fig. 4(b).

Figure 4(c) shows a current image of the 2. 5 X2.5-nrn
scanned area where individual dimers of the 2X1 struc-
ture are resolved and observed to be oval. Atoms of a di-
mer are not resolved in this image. The distance between
two dimer rows (marked a ) is 0.5 nm, and that between
two dimers (marked b) is 0.25 nm. These values corre-
spond to the lengths of a and b in Fig. 1. A missing di-
mer defect as observed on Si(001)-2 X 1 surface has been
imaged on the right-hand side of Fig. 4(c).

Figure 5(a) shows typical current-voltage (I V) charac--
teristics for undoped and as-grown diamond (001) ob-
tained at different tip-sample separations. Every curve
has been reproducibly observed to be asymmetric. While
the current increases rapidly at negative sample bias, it
remains low at positive sample bias. This asymmetrical
nature of the I-V curves indicates a large-band-gap ma-
terial having p-type conduction. At a small tip-sample
separation [curves a and b in Fig. 5(a)] where atomic im-
ages such as Fig. 4 are obtained, the I-V curves exhibit, in
addition to the asymmetric nature, a distinct current in-
crease above the Fermi level (0-V bias). This type of IV-
curve (curve a or b ) shown in Fig. 5(a) is not localized at
a particular place, but is reproducibly observed for the
general dimer rows of the (001)-2X 1 surfaces. The steep
slope at 0—1.0-V bias shows a surface-state-related
feature.

Figure 5(b) shows a (dI/dV)/(I/V) Vcurve corre--
sponding to I Vcurve a in Fig. 5(a). The-shaded area ap-
pears to be part of a valence-band edge, because the
minimum of (dI/dV)/(I/V) at 0-V bias is caused not
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only by the decrease of the slope (dI/dV) with the ap-
proach to 0 V from the negative side but also by V=O.
However, the peak above 0 V in Fig. 5(b) is due to the
rapid rise of current. Thus, the shaded area can be con-
sidered as a state other than the band edge. This type of
state is reproducibly observed using STM at dimerized
structures of (001) surfaces and monohydride (111) sur-
faces' formed under the same growth condition.

The spectrum in Figs. 5(b) appears to be similar to that
of the ultraviolet photoelectron spectroscopy (UPS) spec-
trum of the diamond (001) 2X1:H surface, where a
strong and broad surface-state feature from 0 to 1.5 eV
above the valence-band maximum (VBM) has been ob-

served. However, the states observed in the UPS are
filled states while the shaded area in Fig. 5(b) exhibits
empty states. Since empty surface states cannot be ob-
served by the UPS, the origin of the surface states might
be different from our result. Recently, the surface states
measured by UPS has been interpreted in terms of sur-
face hydrogen and carbon atoms of (001)-2X1 using
tight-binding calculation. On the other hand, this kind
of state cannot be found in the energy gap of the
monohydride dimer structures in two ab initio theoretical
calculations. ' In both results, surface dangling bonds
are indicated to be responsible for the surface states.
However, dangling bonds are not stable in air and can
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FIG. 4. STM images of undoped and as-grown CVD diamond (001) surfaces formed from CO(5%)/H&. (a) Current image of
25X25-nm scanned area. The sample bias and tunneling current were —0.05 V and 1 nA (b) Topographic image of 10X10-nm
scanned area. The sample bias and tunneling current were —0. 1 V and 3 nA. (c) Current image of 2.5X2.5-nm scanned area.
High-magnification image of dimer rows. The length a is 0.5 nm and b is 0.25 nm. The sample bias and tunnel current were —0.05 V
and 1 nA.
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FIG. 6. (a) STM topographic image of undoped and as-grown
diamond (001) surfaces formed from CO(5%%uo)/H2 ~ The sub-
strate bias and tunneling current were 0.5 V and 1 nA. (b) STM
corrugation profile of the line marked along the [110]direction.

FIG. 5. (a) Current-voltage characteristics of undoped dia-
mond (001) 2X 1:H surfaces at different tip-sample separations.
The separation increases from curve a to curve d. In curves a,
b, c, and d, 1-nA tunneling current is obtained at sample biases
of —0.2, —0.4, —0.6, and —0.8 V, respectively. (b)
(dI/dV)/{I/V)-voltage characteristic of curve a. The hatched
area reAects the surface-state-related slopes at 0—1.0-V bias in
(a).

surface acceptors may be related to the p-type conduction
of undoped diamond films. If acceptor-type surface
states are present around the VBM, the energy levels of
the surface acceptors are below the Fermi level and
charge negatively [Fig. 7(a)]. To satisfy the surface

not be observed in the present STM measurement.
The atomic image taken at the sample bias of 0—1.0 eV

represents the position of this special state. Figure 6
shows an atomic topographic image taken at the sample
bias of 0.5 V. The atomic image does not show dimer
rows as in Fig. 4(c). The distance between the bright
spots is 0.23 nm on the average and is comparable to the
separation of hydrogen atoms of a monohydride dirner.
The distance has been calculated by empirical or serni-
empirical methods ' and ab initio methods.

In the simple tight-binding models using only s and p
orbitals, the antibonding state of C-H bonding is locat-
ed at 4.6 eV above the VBM, while the H 1s level is at 0.2
eV above the VBM. The dangling-bond state is almost
the same level as that of H 1s. The energy level of the C-
H antibonding state is far from the empty states just
above 0 V. On the other hand, the position of the H 1s
orbital is the closest to the states energetically and to the
tip spatially. The observed dots in the STM image ob-
tained at 0.5-V sample bias can be interpreted as the or-
bitals belonging to surface hydrogen atoms.

Hydrogen-induced surface states of acceptor type have
been observed in GaAs. This kind of hydrogen-induced
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(b)
FIG. 7. Schematic of band diagram of undoped diamond sur-

face where acceptor-type surface states are present. The bulk
Fermi level is located at about 2.0 eV above the valence band
top in this figure. (a) Before band bending. (b) After band bend-
ing to satisfy charge neutrality.
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charge neutrality, upward band bending is needed [Fig.
7(b)]. This bending moves the surface acceptor levels
closer to the Fermi level to become partially neutral, i.e.,
empty. This neutralized acceptor level shown as a blank
in the schematic surface states in Fig. 7(b) can be ob-
served as empty states just above 0 V in Fig. 5(b). More-
over, band bending causes an accumulation of holes, be-
cause other space charges are negligibly present in the
undoped diamond. The accumulated holes compensate
the net charge in the surface acceptors so that the condi-
tion of surface charge neutrality is satisfied. %'e specu-
late that the empty surface states observed in Fig. 5 are
related to the upward band bending, which can explain
the p-type conduction in undoped diamonds having the
monohydride surface. The hole conductivity of the un-
doped diamond does not depend on the temperature in

the range of 150—450 K, indicating the presence of ac-
ceptor levels around the VBM.

Three typical STM images of boron-doped and as-
grown diamond films are shown in Figs. 8(a), 8(b), and
8(c). These three frame sizes correspond to those of Figs.
4(a), 4(b), 4(c), respectively. Figure 8(a) is a current image
of the 25X25-nm scanned area. The surface forms a
downward slope from left to right in the image. The sur-
face roughness level is almost the same as that of Fig.
4(a). The macroscopic surface fiatness has been improved
by the same amount of boron doping, but microscopic
morphology is not very different from that of undoped
samples. Figure 8(b) is a topographic image of the
10X 10-nm scanned area. An isolated dimer row needle-
like in appearance is observed (marked a ). In the middle
of the upper half of this image (marked b), a uniform-

fan%

1nm

FIG. 8. STM image of boron-doped and as-grown diamond {001) surfaces (8/C 2000 ppm). (a) 25X25-nm scanned area. {b)
10X 10-nm scanned area. (c) 2.5 X2.5-nm scanned area. All the images were current images obtained at the sample bias of —0. 1 V
and the tunneling current of 1 nA.
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contrast region where dimerization has not been complet-
ed is also observed. Figure 8(c) shows well-resolved di-
mer rows, and the unit rectangle in the image corre-
sponds to one dimer. The STM images of the boron-
doped films show no substantial difference from the un-
doped films in local areas. However, the I-V curves of
the boron-doped films are different from those of the un-
doped films at positive sample bias where the tunneling
currents have already increased and the large-band-gap
nature has disappeared. On the other hand, the struc-
tures near 0 V (Fermi level) are the same as those of the
undoped film. The same types of surface states are also
present.

C. Surface migration and stable structure

Two rotationally equivalent 2 X 1 domains can be
formed on each terrace of the (001) surface, difFering only
by a translation of 0.25 nm along the [110]direction, be-
cause the epitaxial islands nucleate randomly with 50%%uo

probability of forming each of the two possible 2X1
domains. Figure 9 shows a discontinuous boundary
where the two domains meet. The line drawn on the di-
mer rows in region b is elongated to the trough between
the dimer rows in region a. The phase of dimer rows
shifts by half a period from the others at the boundary.
This is the antiphase boundary.

In the case of Si, this type of antiphase boundary is
produced at a relatively low substrate temperature. The
temperature is not so high that both domains on a terrace
cannot coalesce or rearrange to form a single domain.
The observation of antiphase boundaries in diamond pro-
vides evidence of low-temperature epitaxy where surface
diffusion is limited; i.e., long-range correlation of the
atomic motion is small.

The substrate temperature ( T, ) dependences of

homoepitaxial growth modes in group-IV and -III-V
semiconductors are classified on the basis of the melting
point (T ) of each material. At Ts( ,'T—, surface
diffusion occurs negligibly, and grown films are amor-
phous or microcrystalline. At 4 T & T, & —,

' T, two-
dimensional nucleation on terraces and growth at these
ledges are dominant due to the limitation of surface
diffusion. The step Aow growth mode due to the
sufficient surface diffusion appears at T, )—,'T . From
this criterion, the homoepitaxy of diamond at 800—900 C
can be classified as low-temperature epitaxy if T of dia-
mond is assumed to be 4000 K, which is a reasonable
value. The surface diffusion length, if present, is very
short. A crystal grows by accommodating the adsorbates
present within a few migration steps. A large supply of
growth species arriving from the ambient is needed, and
the anisotropic probability of sticking at step edges might
play a dominant role in the case of the (001) surface.

In some areas, a structure that cannot be explained by
the dimer rows is present. In Fig. 10, some rows having
0.25-nm spacing were observed to run from the lower left
to the upper right, in addition to normal dimer rows.
The distance 0.25 nm is half the dimer row spacing. One
of the possible structures is a linear arrangement of dihy-
drides. Another is a mixture of dihydrides and monohy-
dride dimers. Orbitals belonging to hydrogen atoms form
line-shaped protrusions.

From our ab initio molecular-orbital calculation of car-
bon dimer models, ' the total energy of the symmetric
monohydride dimer is the lowest, but that of the dihy-
dride is close to that of the monohydride. Yang, Dra-
bold, and Adams have reported that the mixed struc-
ture composed of a monohydride dimer and dihydride

~?.,::;
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FIG. 9. STM current image of antiphase boundaries on un-

doped and as-grown diamond film formed from CO(5%%uo)/H2.

The sample bias and tunneling current were —0.05 V and 1 nA.

FIG. 10. STM current image of undoped and as-grown dia-
mond formed from CO(5%)/H2. Dimer rows (a ) are surround-
ed by unidentified structure. The spacing of structure b is 0.25
nm. Sample bias and tunnel current were —0.05 V and 1 nA.

+
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carbon, i.e., the 3 X 1:1.33H structure, is more stable than
the monohydride dimer (2X1:H structure). At lower
substrate temperatures, the probability of the coexistence
of dihydrides with monohydrides becomes higher. In
some cases, CVD diamonds can grow at a far lower tem-
perature than 800—900'C (present case). At such a low-
temperature epitaxial growth surface, the structure might
be very difFerent from 2 X 1/1 X 2, because dihydrides are
present, and the surface migration is limited to the order
of one atomic site.

IV. CQNCX. USIONS

We have carried out atomic-resolution STM observa-
tion on as-grown homoepitaxial diamond (001) surfaces
and the macroscopic surface Aatness has been character-
ized by REM. The following conclusions were derived
from the present work. (1) Macroscopic surface llatness
can be improved through the choice of the reactant gas
and dopant. CO is effective in maintaining surface fat-
ness during epitaxial growth, and boron doping might
enhance surface migration. (2) The tunneling current ob-
served from undoped CVD diamond film is due to the p-
type surface semiconducting layer. The origin of p-type

conduction is related with the surface-state-related
feature appearing in the STS spectra. The states are uni-
formly distributed on the surface and are assumed to be
related to C-H bonds. (3) The 2X1/1X2 structure on
(001) diamond is composed of dimer rows. The aspect ra-
tio of Sz steps to Sz steps is greater than 3. The observa-
tion of antiphase boundaries indicates that the present di-
amond growth at 800—900 C can be classified as low-
temperature epitaxy. The anisotropic probability of
sticking plays a dominant role in the case of the (001) sur-
face. (4) Symmetric monohydride dimers are dominant
on the surface grown at 800—900'C, but there coexist
unidentified local structures, some of which are explained
by the participation of dihydrides.
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