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Abstract

The structural change of diamond induced by hydrogen plasma exposure at room temperature, and its thermal stability, were investigated using

electron spin resonance (ESR), X-ray photoelectron spectroscopy (XPS) and Fourier transform infrared spectroscopy (FTIR) techniques. ESR

observation revealed that it gave rise to a highly defective structure (spin concentration of ¨1020 cm�3), which is very similar to the structure of

hydrogenated amorphous carbon (a-C:H) confirmed by XPS and FTIR. Post-annealing was also carried out to clarify the thermal stability of the

defects. The number of spin centers decreased with increasing annealing temperature, and eventually, the defective structure changed to a graphitic

one by annealing at 800 -C.
D 2005 Elsevier B.V. All rights reserved.
Keywords: Diamond; Hydrogen; Room temperature; Thermal stability; Electron spin resonance; Hydrogenated amorphous carbon
1. Introduction

Hydrogen plays a very important role in diamond. For

example, the surface conductive layer and negative electron

affinity are well-known issues in terms of the hydrogen-

terminated surface [1,2]. In defect studies, the carbon dangling

bond defect accompanying a hydrogen atom revealed by

electron spin resonance (ESR) observation is a typical

hydrogen-related defect [3]. The behavior of hydrogen during

the growth of diamond is of great interest because hydrogen is

the most abundant element (over 90%) present in the growth

environment. Butler and Woodin has reported on a model of

diamond growth from gaseous species [4]. The features of their

model are termination and stabilization of the carbon dangling

bond by atomic hydrogen, hydrogen abstraction for assisting

the incorporation of the hydrocarbon species, and thermal

desorption of adsorbates that may leave defects. Another effect
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to be considered is that atomic hydrogen gives rise to defects

by impinging on the diamond, as well as its thermal stability

(retained or restored) at high temperature, usually more than

800 -C in chemical vapor deposition (CVD) growth. Since

diamond is the thermodynamically metastable form of carbon

atoms at growth temperature, defects created by atomic

hydrogen may cause degradation of the diamond structure

and/or transition to graphite, the most stable form of carbon

atoms, during CVD growth. Therefore, the interaction of

hydrogen with the diamond network is a key issue in

understanding the nature of CVD diamond.

In this paper, to understand the interaction of hydrogen with

diamond structure from the viewpoint of defect creation, the

influence on diamond structure of hydrogen plasma exposure at

room temperature (RT H-plasma exposure) was reported using

ESR, X-ray photoelectron spectroscopy (XPS) and Fourier

transform infrared spectroscopy (FTIR). Thermal stability of

the structure was also studied.

2. Experiment

The samples used in this study were high-pressure and high-

temperature (HPHT) synthetic IIa (001) diamond substrates with
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Fig. 1. The in-line ESR system.
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Fig. 2. ESR spectra (a) before plasma treatment, (b) after RT H-plasma

exposure for 1 min and (c) after MW H-plasma at 800 -C. Background and S

related signals were subtracted. RT H-plasma exposure gave rise to a new

signal. The three arrowed peaks indicate the substitutional nitrogen (S =1/2

I =1) signals known as the P1 center, which is observed in all cases.
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dimensions of 2.5�2.5�0.3 mm, which were cleaned in

mixture solution of H2SO4 and HNO3 at above 250 -C for 1

h prior to plasma treatment. Hydrogen plasma exposure and ESR

observation were performed by an in-line ESR system as shown

in which it was possible to transfer the plasma-treated sample

without air exposure to the ESR system (Fig. 1). Capacitively

coupled plasma (CCP) using H2 gas with a flow rate of 100

sccm, RF power of 50 W and pressure of 10 Pa was used for

generating hydrogen atoms to impinge on the diamond. The

sample was fixed on a high-resistivity Si (001) wafer, which was

placed on an electrode to which negative self-bias voltage of

�500 Vwas applied under the conditions mentioned above. The

temperature of the sample was estimated at below 100 -C during

plasma treatment. Hydrogenated samples prepared by micro-

wave hydrogen plasma (MW H-plasma) at 800 -C were also

examined as a reference. The chamber pressure and duration

time were 3.3�103 Pa and 5 min, respectively.

ESR spectra were measured using 100 kHz field modulation

and a microwave frequency of ¨9.5 GHz. All measurements

were taken at room temperature. ESR signal of Cr3+ in a single

crystal of ruby was used as a reference for the spin

concentration. XPS and FTIR were used for investigating the

bonding configuration. XPS spectra were recorded using a pass

energy of 50 eV (AlKa line ¨1486.6 eV) in a Themo Sigma

Probe system. The FTIR measurement was performed under a

pressure of 0.1 Pa. Step-annealing was performed in the

temperature range of 140 to 800 -C, each one done in argon

ambient for 30 min. The depth profile of defects was measured

by an atomic force microscope (AFM), the details of which are

described in the text.

3. Results and discussion

3.1. Structural change by hydrogen plasma exposure

Fig. 2 shows ESR spectra of (a) before plasma treatment, (b)

after RT H-plasma exposure for 1 min and (c) after MW H-
plasma treatment at 800 -C. Although the substitutional

nitrogen signals known as the P1 center [5] in IIa diamond

were detected for all cases, a new signal with a g-value of

¨2.0027, close to that of the carbon dangling bond, appeared

after plasma treatment at room temperature for 1 min. The

lineshape could be well fitted to a Lorentzian lineshape with

the peak-to-peak ESR linewidth (DBpp) of 0.61 mT and the

spin concentration was 2�1014 cm�2. The spin concentration

increased to about two times at a treatment time of 3 min, and

was saturated at longer than 3 min. Since no angular

dependence was observed, the origin of the new signal is

considered to be a randomly distributed carbon dangling bond.

In contrast, no signal was detected in the case of MW H-plasma

treatment at 800 -C (Fig. 2(c)).

XPS and FTIR analyses gave more information about the

defective structure induced by hydrogen plasma exposure. XPS

spectra are shown in Fig. 3(a)–(c). The two prominent loss

peaks obtained from the untreated surface and the treated

surface at 800 -C were observed at 23 and 34 eV, which were

assigned to surface plasmon and bulk plasmon of diamond,

respectively [6–8]. The results indicated that these surfaces

were identical to that of diamond. On the other hand, after RT

H-plasma exposure, peaks located at around 6 and 24 eV

appeared instead of the peaks related to diamond structure.

These were attributed to k plasmon and (k+j) plasmon of

amorphous carbon (a-C) [9,10]. The results showed that RT H-

plasma exposure changed the surface structure from diamond

to a-C-like structure. FTIR spectrum obtained from the plasma-

treated sample (Fig. 4(b)) had a similar feature to hydrogenated

amorphous carbon (a-C :H) [11], which implied that the

defective structure involved several bonding configuration

such as sp3 CH3 with a similar content ratio to a-C :H. It

may have a microscopically similar C–H bonding network as

a-C :H. The broad peak at around 2900 cm�1 in Fig. 4(c) is
i
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Fig. 5. XPS spectra obtained under several temperature conditions. The result

indicates that the transition from sp3 to sp2 configuration starts at 300 -C.
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Fig. 3. XPS spectra (a) before plasma treatment, (b) after RT H-plasma

exposure for 1 min and (c) after MW H-plasma at 800 -C. The spectra of (a)

and (c) indicate that these surfaces are identical to diamond ones. Hydrogen

plasma treatment at room temperature changes the diamond surface to that

of a-C.
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usually observed in a hydrogen-terminated (001) diamond

surface [12,13].

3.2. Thermal annealing effect

The effect of thermal annealing on the defective structure

was investigated in the temperature range of 140–800 -C.
Fig. 5 shows XPS spectra obtained under several temperature

conditions. The intensity of k plasmon began to increase at

300 -C, which indicates that the transition from sp3 to sp2

configuration takes place in the defective structure. The

transition was also detected by FTIR, in which the absorption

of the sp2 CHx group observed above 3000 cm�1 started to
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Fig. 4. FTIR spectra (a) before plasma treatment, (b) after RT H-plasma

exposure for 1 min and (c) after MW H-plasma at 800 -C. The spectrum of (b)

has a similar feature to a-C:H. The broad peak at around 2900 cm�1 in (c) is

usually observed in the hydrogen-terminated (001) diamond surface.
increase instead of decreasing that of the sp3 CHx group (2800–

3000 cm�1) at 300 -C. For the temperature range above 300 -C,
the decrease of intensity was observed over the entire range

(2800–3100 cm�1) in the FTIR study, which suggests

hydrogen evolution. The temperature of hydrogen evolution

is consistent with a previous report on a-C :H [11]. Bulk

plasmon of graphite located at 27–28 eV is observed at above

¨600 -C in Fig. 5. This indicates that the defective layer

changed to a graphitic structure by annealing in this temper-

ature range.

The number of spin centers as a function of annealing

temperature is summarized in Fig. 6. It tended to decrease with

increasing annealing temperature. The drastic decrease up to

300 -C is considered to be due to the thermal structural

relaxation. No change was observed at 350–500 -C. As

described above, the thermal structural relaxation and hydrogen
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Fig. 6. The number of spin centers as a function of annealing temperature. Each

one was normalized with respect to that of the as-exposed sample (plotted at 25

-C). The number of spin centers for 700 and 800 -C are very close to the

detection limit of ESR measurement performed at room temperature.
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evolution occurs in this temperature range simultaneously: the

former decreases the spin, whereas the latter increases the spin.

Consequently, the number of spin centers did not change in this

temperature range. Above 550 -C, it started to decrease again,

which might be attributed to graphitization of the defective

structure.

3.3. The role of treatment temperature on the defect creation

RT H-plasma exposure introduced a highly defective

structure similar to a-C :H, but for MW H-plasma exposure

at 800 -C very few defects are observed and the diamond

structure is retained. This result may be caused by the

difference of treatment temperature and pressure. For RT H-

plasma exposure temperature and pressure are RT and 10 Pa,

respectively, and for MW H-plasma exposure these are 800 -C
and 3.3�103 Pa. In general, a lower treatment pressure will

enhance defect creation because ion energy tends to increase

with decreasing a pressure. On the other hand, the thermal

annealing experiment in this study revealed that high temper-

ature annealing decreases defects drastically, almost to zero

level. It implies that treatment temperature may have a greater

influence on the defect creation by hydrogen plasma exposure,

although the precise effect of ion energy is needed to be

investigated in future.

3.4. Depth profile of defects

A thermal annealing study revealed that the defective layer

changed from an a-C :H-like structure to a graphitic one by

annealing up to 800 -C. We performed post acid treatment on

these samples. The results showed that the as-exposed a-C :H-

like structure could not be removed, while the graphitic layer

resulting from annealing at 800 -C could be removed. We

utilized these experimental results for estimating the depth

profile of the defective layer using the following experimental

procedure. The sample was partially masked with a small

diamond substrate (1.0�1.0 mm) to avoid the interaction with

hydrogen. The plasma-treated sample was subjected to AFM

measurement after acid treatment in the same way as for

sample cleaning followed by annealing 800 -C for 1 h, and

then the depth profile of the defective layer could be obtained

by measuring the height difference. As a result, the depth of the

defective layer was estimated to be as high as 10 nm,

suggesting a spin concentration of ¨1020 cm�3.
4. Conclusion

We investigated the influence on diamond structure of RT

H-plasma exposure. ESR observation revealed that the

treatment gave rise to a highly defective structure having a

spin concentration of ¨1020 cm�3. This result was quite

different from that obtained for MW H-plasma at 800 -C, in
which no ESR signal was detected. The ESR signal disap-

peared after annealing at 800 -C. It was suggested that

treatment temperature has a great influence on defect creation

by hydrogen plasma exposure. The thermal annealing study

indicated that this is attributable to graphitization of the

defective structure. XPS and FTIR analyses revealed that RT

H-plasma exposure leads to a structural change from a diamond

structure to an a-C :H-like one. The information obtained from

these experimental evidences will assist in understanding the

mechanism of diamond growth using the CVD technique.
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[11] Y. Bounouh, M.L. Thèye, A. Dehbi-Alaoui, A. Matthews, J.P. Stoquert,

Phys. Rev., B 51 (1995) 9597.

[12] F. Maier, M. Riedel, B. Mantel, J. Ristein, L. Ley, Phys. Rev. Lett. 85

(2000) 3472.

[13] T. Anzai, H. Maeoka, A. Wada, K. Domen, C. Hirose, T. Ando, Y. Sato, J.

Mol. Struct. 352/353 (1995) 455.


	Structural change in diamond by hydrogen plasma treatment at room temperature
	Introduction
	Experiment
	Results and discussion
	Structural change by hydrogen plasma exposure
	Thermal annealing effect
	The role of treatment temperature on the defect creation
	Depth profile of defects

	Conclusion
	Acknowledgements
	References


