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Defects [prmation of Chemical Vapor Deposition (CVD) diamond on 'He™ irradiation and after remote hydrogen
plasma treatment (RHPT) were investigated by cathodoluminescence (CL). As ealculated in the TRIM simulation,
the light elements of *He* can be penetrated into the diamond bulk structure at 3~4 um depth. The effects of the
implantation region were observed when 5 keV~20 keV electron energy (insight 0.3~4.0 pm) of CL measurement
wasg irradiated to diamond at temperature 80 K. After the RHPT, rehybridization of nradiation damaged diamond
was studied The intensity of GRL center (intrinsic defeet of C) was diminished The 2 16 eV center (N-V center)
aceurring usually by annealing could not be seen after RHPT. The diamond was rehyhridized by hydrogen radicals

without etching and thermal degradation by the RHPT.
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hemical Vapor Deposition (CVD) of diamond films

has made the production of diamond based sem-
iconductor devices possible. Extremely low solubility and
low diffusivity of impurities in diamond"” make doping of
diamond films with electrically active dopants difficult.
Currently, p-type doping of CVD diamond is carried out
using a mixture of a reaction gas and B,H;. The boron-
doped films exhibit semiconducting behavior with resis-
tivities as low as 107 Gem’. Ion implantation is also wide-
ly used in silicon based device technology to obtain n-
type doping. However, under certain implantation con-
ditions irreversible ameorphization of diamond can be
induced. Also, it was shown that high energy electron or
neutron irradiation induced neutral vacancy center and
defects in the bulk diamond called GR1.” Further an-
nealing results in a graphitization of the implanted sam-
ples” and the creation of new color centers® in synthetic
diamond, therefore, it can nat be used for damaged di-
amond recovering.

Hydrogen atom may induce rehybridization of the
damaged area and sp’ bonding can he obtained once
again after hydrogen plasma treatment® J. C. Angus”
suggested that the atomic hydrogen could stahbilize the
diamond surface by satisfying the dangling bond. The
amorphous layer on the diamond film surface, produced
by hot filament for diamond surface slabilization®
However, the effect of hydrogen plasma is not fully un-
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derstood yet.

In this paper, because of the effect of profound im-
plantation, the diamond films the implanted with the
light *He™ elements ion in CVD are studied by low tem-
perature cathodoluminescence (CL). Also. the effect of
remote hydrogen plasma treatment (RHPT} on the CL
spectra of CVD diamond film is reported. It is currently
supposed that hyrogen may induce rehybridization and
stabilization of the diamond layer after hydrogen plasma
treatment.*”

Experimental Procedure

Diamond films were grown on single crystal of p* Si
substrates by microwave plasma CVD. An ultrasonic pre-
treatment with diamond powders was carried out for all
of the substrates. The gas mixture used in the ex-
perimental growth consisted of 100 scem of 10% CO di-
luted in H,. The following growth conditions were used:
total pressure 45 Torr; microwave power 250 W, time 8
hr and substrate temperature 900°C. The single-crystal
CVD diamond was deposited around 3 pm depth region
of diamond. Ton density was ~10" ions/em®. There were
calculated by the Transport of Ioms in Matter (TRIM)
sitrmulation.

Microwave H, plasma treatments were performed in
the same MW reactor used for the film deposition. A 90
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Fig. 1. Remote Hydrogen Plasma Trealment (RHPT) were
performed by MW reactor. That was treated far apart
around 10 em from the discharge area.

scem pure H, plasma was used for 10 min at a substrate
temperature of about 900°C. On the contrary, vacuum
annealing treatment was perfor med at ~i0° Torr, 900°C
for 10 min. In thr RHPT, it is same condition to con-
ventional hydrogen plasma treatment except for distance
from the pasma hall. That was treated far apart around
10 em from the discharge area for 0.5 hr to 2 hr, as seen
in Fig. 1. It is likely that temperature of substrate was
above 50°C and below 500°C. Scanning electron micros-
cope (SEM) was used for CL measurements. Irradiation
condition were; 5 kV~20 kV acceleration voltage and C 05
tA/em® eurrent density. In order to measure CL spectra.
SEM was equipped with a parabolic mirrer in front of
the specimen, a monochromator and a photomultiplier
tube (PMT). The specimen was cooled down to liquid ni-
trogen temperature during CL measurement. In the case
of CL measurement the electron bheam acceleration vol-
tage 5 kV-20 kY, produced a electron penetration depth
about the 0.34 um~4.26 um as caleulated by equation L =
0.018 V'* which study of the diamond allowed the lay-
er properties.”

Results and Discussion

The typical CL spectra of undoped CVD diamond is
ghown 1 Fig. 2 (a). It was ovserved that CL spectrum
contains a peak centered at wavelength 425 mm (2.9 V),
called band-A, Also, free cexiton recombination radiation
peak was detected which indicates good crystallinity.'”
Fig. 2 (b) shows a CL spectrum of undoped CVD di-
amond after He ion implantation. Ii. is shown that the 4

!

:

ul J

o

CL niznsitya u )
5
.

\

\

\
S

I 1 L Il "
WO o T =N

o Il L

am an a0

= v T T T T T —

 Undoped CVD dizmond
after “Ha™" implantation

CL Irtensity(a u)

Wavelength(hm)

Fig. 2. CL specira of CVD diamond (a) the typical undoped
CVD diamond and (b} *“He* ion irradiated CVD diramond.

um eleclron penetration area is achieved by CL the
same as found out implantation region. The CI. spec-
trum of undoped specimen has two relatively broad
peaks after He ion irradiation in Fig. 2 (b). One of them
is the same band-A peak with 3.19 eV (389 nm) center,
the 3.19 eV center is caused by an inlerstitial carbon pro-
duced by the radiation damage together with a single
nitrogen atoms.”” The other is called 5RL center, sug-
geating the presence of intrinsic defect in the undoped
diamond."" Collins e al. showed that the local-mode
peaks in the 4RL are assaciated with vibration of a car-
bon atom and proposed that this is the interstitial pro-
duced by radiation damage.' The 5RL center contains
four narrow peaks located at every 0.234 eV. Tt was
found that the 5RL center appears in the (L. spectra
when intrinsic defects were induced by ion implantation
or high energy electron irradiation.

If the intrinsic defect of diamond can be rehybridized
by hydrogen radicals, the hydrogen plasma treatment
can be used for diamond reconstruction. After ordinary
hydrogen plasma treatment, the luminescence spectrum
of 2.16 eV center (575 nm) appeared whose CL spectra
is shown in Fig. 3 (a). The 2.16 eV center originates from
a vacancy coupled with nearest interstitial nitrogen
'"'% Tt was proved that vacuum-annealing (900°C)
process induced migration of vacancies, resulting in the
N-V center as shown in Fig. 3 (b). Additionally, R. Kal-
ish" reported the vacancies formed during the collision

atoms.
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Fig. 3. Cl gpectra of CVD diamond (a} after ordinary hy-
drogen plasma treatment, (b) after 900°C vacuum annealing.
The luminescence spectrum of 2 16 eV center (575 nm) ap-
peared. Fig. 3 (¢) CL spectra of after Remote Hydrogen Plas-
ma Treatment (RHPT). This is shown N-V center was not
observed by CL investigation [or 30 min RHPT. The in-
trinsic defect related peak (5RL) diminshed as proved by CL
spectra

cascade can be mobile aver 500°C. These facts suggest
that this center is not related to the implanted element,
but to the implantation and plasma-annealing tem-
perature (900°C) induced a defect (N-V center). Thus, the
ordinary hydrogen plasma treatment of this film results
in temperature degradation of diamond bulk site before
rehybridization is achieved.

Furthermore, comparisont of the cross section SEM im-
ages before and after ordinary hydrogen plasma treat-
ment indicates relatively high (0.7 um/h) etching rates of
the undaped films*™ Hence, the hydrogen plasma treat-
ment of this film results in the etching of surface layer
before recanstruction is carried out.

Unlike ordinary plasma treatment the RHPT did not
induce the etching effect which was found out by SEM
morphology and AFM investigation. Also, the RHPT did
not lead to high temperature degradation of diamond.
This is shown in Fig. 3 (¢} the N-V center was not ob-
served hy CL investigation, In ihe same time after
RHPT, the intrinsic defect related peak (6RL) di-
minished as proved by CL spectra. It is shown thal 30
min RHPT induces the reconstructing stage of the in-
trinsic defect of the (C-C diamond bond. Thus, ex-
perimental data show that RHPT results in the rehy-
bridization of bulk-site defects inducing sp® hybridized
carbon atoms without etching and high temperature
degrdation.

in homoepitaxial CVD diamond, Fig. 4 (a) shows a CL
spectrum of CVD single diamaond after He ion im-
plantation. The CL spectrum of specimen has two re-
latively broad peaks the same as poly-crystalline CVD di-
amond, called band-A and 5RL. The electron beam ac-
celeration voltage of the CL measurement was 15 kV,
which caused penetration depths about 2.5 um.” It is
shown that the 2.5 pum electron penetrated region is
achieved by CL the same as found out implanted region.
After RHPT, the shallow areas (0.3 um) of CVD single
crystal layer were charactenized by CL as shown in Fig. 4
{b). The intrinsic defect related peaks (5RL) diminished
after 1 hr RHPT, as seen from CL spectra. The re-
construction and stabilization of defect structure pro-
gressed after 1 hr that could be explained by longer du-
ration of the RHPT.

In this case, using the electron-penetration CL measur-
ing technigue a deep-level layer (2.5 um) rehybridization
af the single-crystal CVD diamond was found as can be
seen in Fig. 4 {c). After 2 hr RHPT the intrinsic defect
related peaks (BRL) diminished as measured by deep
region CL spectra which is caused a electron penetration
2.5 um of the single erystal CVD diamond.” It seems
that the hydrogen radicals diffused from the surface lay-
et into the bulk structure. It was taken by RHPT for 1
hr from the surface to 0.3 pm lyer then, for 2 hrs from
the surface to 2.5 um region of CVI} single diamond. It
seens that hydrogen radicals can diffuse during RHPT
causing defect areas such as dislocation or misorienta-
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Fig. 4. (a) shows a CL specira of CVD single diamond after
He ion implantation. (b} The CL spectra of after time du-
ration RHPT. The depth of single-crystal layer was measur-
ed in order to study such thickness (.3 pwm} by CL pene-
tration meaguring technique (5 kV). The SRL diminished aft-
er 1 hr RHPT. {¢) The depth of single-crystal layer was
measured {he such thickness (2.5 pm) by CL (15 kV). The 5
RL diminished after 2 hr RHPT.

tion of the diamond. Consequently it seems necessary to
induce rehybridization in order to reconvert the damag-
ed diamond. In agreement with etching effect were pro-
posed hy direct induced ordinary hydrogen plasma treat-
ment that etch pits of {100) single erystal diamond are
developed proibably on lattice defects such as dislo-
cations by hydrogen.®” N. Lee, ef al.*® propesed that etch
pits in homoepitaxial diamond are caused by the degree
of surface misorientation of substrates. Therefore, we
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understood that hydrogen radical was infused into the
diamend structure such as defects by RHPT. The intersti-
tial carbon atoms could be mobilized to sufficent re-
covering during RHPT by diffusion of hydrogen radical ef-
fect.

According to an additional report provided by J. E.
Prince™ substantial diffusion of selfinterstitials occurs
at about 50°C. Sine, the exact temperature of the di-
amond substrate could not be measured in this experi-
ment, it is likely that the temperature of substrate was
above 50°C (diffusion of self-interstitial}’® and below
500°C (immaobile vacancy),"”

These facts, together with CL observations leads to a
conclusion that RHOPT is a useful techmnique for re-
covering implantation damaged diamond without etching
and affection by a tempeerature annealing.

Summary

The CL of the implantation region before and after
RHPT was ovserved when 5 keV~20 keV electron energy
was irradiated to diamond using CL  penetration-oh-
serving technique at 80 K.

After the EHPT, the N-V center could not be seen
which occurred by annealing, The intensity of 5RL cent-
er {intrinsic defect of C) was diminished as measured by
deep region CL spectra. It was shown that the hydrogen
radicals diffused from the surface layer into the bulk
structure. Consequently it seems necessary to induce
rehybridization in order to recover the damaged di-
amond. It was shown that the RHPT is a useful teech-
nique for recovering implantation damaged diamond.
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supported by a the Research Project of Industry and A-
cademy Sponsored by Japan Socely for the Promotion of
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