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Scanning tunneling microscopy has been used to characterize the electronic structure and 
surface morphology of diamond films grown using the hot filament and microwave plasma 
chemical vapor deposition techniques. We observe a significant difference between the 
current-voltage (I-V) curves for the two types of films. The I-V curves for the hot-filament 
grown films are characterized by a well-defined zero-current region from which a surface band 
gap of 4.1 eV is measured. The 1-V curves for the microwave plasma grown films exhibit a 
rectifying behavior which can be modeled by surface band bending. We compare the surface 
density of states obtained from the 1-V curves with those obtained from x-ray photoelectron and 
appearance potential spectroscopies. 

Diamond films grown using the chemical vapor depo- 
sition (CVD) technique have recently attracted consider- 
able interest due to the large number of potential applica- 
tions of such films.“’ Important applications include thin- 
film transistors3 where detailed knowledge of the electronic 
properties of the surface of the film is crucial. Recently, 
scanning tunneling microscopy (STM) and atomic force 
microscopy (APM) have been used to image CVD grown 
diamond fihn~.~ In addition to imaging surfaces, STM 
can also be used to probe the local electronic properties of 
surfaces by measuring the tunneling current versus voltage, 
a technique referred to as tunneling spectroscopy.‘,’ In this 
letter, we present tunneling spectra and STM images of 
diamond films grown using the hot-filament and micro- 
wave plasma CVD techniques. For the hot-filament grown 
diamond films, we observe symmetric current-voltage (I- 
V) curves with a well-defined surface band-gap region of 
approximately 4.1 eV. The surface density of states ob- 
tained from the tunneling spectra is found to be in good 
agreement with x-ray photoelectron spectroscopy (XPS) 
and appearance potential spectroscopy (APS) data. For 
the microwave plasma grown films, we observe a rectifying 
I-V curve which is modeled by band bending at the sur- 
face. 

Diamond films were deposited by using hot-filament 
assisted CVD at low pressures (-25 Torr) using 0.25% 
CH, in CHJH, mixtures. These films were deposited on 
Si( 111) substrates maintained at about 1100 K.9 The mi- 
crowave plasma film was grown by using plasma enhanced 
CVD. The films were approximately 1 pm thick. The Ra- 
man spectra of the hot filament and microwave plasma 
films show a sharp peak at 1332 cm- ’ which is the char- 
acteristic Raman line for diamond. We have discussed de- 
tailed characteristics of the hot-filament grown films else- 
where.g Both the hot filament and microwave plasma 
grown films contain predominantly sp3 bonding; from the 
analysis of the Raman spectra, we estimate the sp3/sp2 

bonding ratio to be 9.0 in both films. However, in the case 
of the microwave plasma grown film the 1332 cm-’ dia- 
mond line is significantly narrower. The full width at half 
maximum of the diamond lines are 4.15 f 0.02 cm-’ and 
5.62=!=0.08 cm-’ for the microwave plasma and hot- 
filament grown films, respectively. Although the two films 
have about the same sp3/sp2 bonding ratio, the microwave 
plasma grown film contains much larger diamond do- 
mains. 

Tunneling spectra and STM images were obtained us- 
ing a commercial STM with a digital feedback loop made 
by Burleigh Instruments.” The spectra and images were 
obtained in air using a mechanically cut Pt-Ir tip. Typical 
sample voltages and constant tunneling currents used for 
imaging were 3-4 V and 0.5-1.0 nA, respectively. The 1-V 
curves were obtained at a particular sample location by 
interrupting the feedback and measuring the tunneling cur- 
rent as a function of sample voltage for a fixed distance 
between the sample and tip. The tunneling current was 
measured using a 12 bit analog to digital converter. The 
surface density of states was computed from the 1-V curves 
using the expression for the normalized conductivity.* To 
achieve a high signal to noise ratio in the 1-V curves several 
I-V curves were measured at the same location and the 
results averaged. Tunneling current versus sample-tip sep- 
aration (I-S) measurements showed a strong dependence 
of the tunneling current on separation with a barrier height 
of approximately 5.0 eV, consistent with tunneling across a 
vacuum gap. 

Figures 1 (a) and 1 (b) show a top view and corre- 
sponding three-dimensional topographic STM image of a 
2x2 pm area of the hot-filament grown diamond film. 
Large crystallites on the order of 0.5 pm are observed at 
this resolution. The film is relatively smooth with a root- 
mean-squared roughness of 0.29 pm. At higher resolution, 
microcrystallites measuring approximately 50 nm in width 
and 50 nm in height are observed, as shown in Figs. l(c) 

1889 Appl. Phys. Lett. 62 (16), 19 April 1993 0003-6951/93/l 61889-03$06.00 @ 1993 American institute of Physics 1889 

Downloaded 02 May 2012 to 129.120.92.130. Redistribution subject to AIP license or copyright; see http://apl.aip.org/about/rights_and_permissions



(a) 

0 0 

0 Xtnm) 600 0 Xfnm) 500 

(d) 

FIG. 1. (a) Top view STM image of the hot-filament grown diamond film, (b) three-dimensional topographic image of (a). (c) Higher resolution top 
view STM image of the hot-filament grown diamond film. X’s denote locations where tunneling spectroscopy data was obtained, (d) three-dimensional 
topographic image of (c), (e) top view STM image of microwave plasma grown diamond film. X’s denote locations where tunneling spectroscopy data 
was obtained, (f) three-dimensional topographic image of (e). 

and 1 (d). These tindings are in agreement with high reso- 
lution transmission electron microscope images of the same 
film. l1 Figures 1 (e) and 1 ( f) show a top view STM image 
and corresponding three-dimensional topographic image of 
a 500 x 500 nm area of the microwave plasma grown film. 
The crystallites are larger than in the hot-filament grown 
film. The smallest crystallites observed measured approxi- 
mately 500 nm in width and 500 nm in height, as showrrin 
Fig. l(f). :- 

I-V curves were measured at the sample locations in- 
dicated in Figs. 1 (c) and 1 (e) and other locations. The 
I-V curves measured at different locations were similar. 
Figure 2(a) shows a typical I-V curve for the hot-filament 
grown diamond film. The tunneling current is symmetric 
and has a well-defined zero-current region characteristic of 
a band gap. Similar I-V curves having a zero-current re 
gion have been reported for Si and GaAs.i29’3 The surface 
band gap of the diamond film measured from the width of 
the zero-current region in Fig. 2(a) is 4.1 eV, to be com- 
pared with the bulk band gap of a diamond of 5.45 eV. 
Figure 2(b) shows a typical I-V curve for the microwave 
plasma grown diamond film. The I-V curves in this case 
show a tunneling current only for negative sample voltages; 
a characteristic of rectifying behavior. The same rectifying 
behavior was observed using platinum, tungsten, and gold 
tips, making tip-induced band bending unlikely. Similar 
rectifying I-V curves have been reported for Zn0,i4 
hydrogen-terminated Si ( 111) ,I5 and sulfur-terminated 
GaAs.16 The rectification is attributed to surface band 
bending and the forward current is well modeled by the 
expression’“16 

J=&{exp[q(Vm-- V,)/kT--11) 

for the forward current of a Schottky barrier where V, is 
the barrier height and V,i= Vm[ [(q + 1) 2 _ V/V,] 1’2 
-cl2 with c a constant is the band bending as a function of 
sample voltage. Figure 2(c) shows a fit to the forward 
current shown in Fig. 2(b) using the above expression 
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showing good agreement with the model. The band bend- 
ing in ZnO is attributed to water on the surface, and in Si 
and GaAs to hydrogen and sulfur termination, respec- 
tively. Rectifying point contacts on diamond films have 
been reported to produce larger rectification in diamond 
lilms with larger diamond domains.” 

To obtain the surface density of states, p, of the hot- 
filament grown diamond film from the I-V curves we used 
the expression’ 

dI/d V 
pcc r/v 

where the right-hand side is called the normalized conduc- 
tivity. This expression is valid for nonzero tunneling cur- 
rent I but is divergent in the band-gap region where I is 
zero. The singularity is removed by setting p equal to zero 
in the band-gap region, or using an average value for I/V 
which is nonzero in the band-gap region.8*18 We  used both 
normalization techniques and obtained similar results. Fig- 
ure 3 shows p as a function of V computed from the I-V 
curve shown in Fig. 2(a) using the former normalization 
technique. The peaks at -2.8 and 3.7 eV are attributed to 
overshoot from the numerical differentiation since these 
peaks are not observed in XPS or APS data as discussed 
below. .This type of overshoot occurs when computing the 
normalized conductivity from I-V curves.” The peaks in 
the valence band observed at - 6.1 and -8.1 eV are in 
good agreement with XPS data for the same tilm.rg A peak 
in the conduction band is observed at 7.0 eV. To determine 
the conduction band surface density of states of the sample 
we analyzed the sample using APS2’ The APS data 
showed a peak at 6.5 eV above the Fermi level which cor- 
relates well with the 7.0 eV peak in the STM surface den- 
sity of states. 

In summary, we have studied the electronic structure 
and surface morphology of CVD diamond films using 
STM. Hot-filament grown films containing microcrystal- 
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FIG. 2. (a) Tunneling current vs sample voltage for the hot-filament 
grown diamond film. The zero-current region corresponds to a surface 
band gap of approximately 4.1 eV. (b) Tunneling current vs sample 
voltage for the microwave plasma grown diamond film. (c) Data show 
semilog plot of the I-V curve of the microwave plasma grown film shown 
in (b). Solid line shows fit to the forward current part of the I-V curve 
using the expression in the text for the forward current of a Schottky 
barrier with a barrier height of 4 V. 

lites showed a well-defined surface band gap and a surface 
density af states in agreement with XPS and APS. The 
microwave plasma grown films with larger crystallites and 
larger domains, as determined from Raman spectroscopy, 
exhibited rectifying behavior in good agreement with a 
simple model for surface band bending. We  are currently 
applying the tunneling spectroscopy technique to study the 
nucleation and initial stages of growth of diamond films. 
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appearance potential spectroscopy. 
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