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PRESSURE-INDUCED MODIFICATION OF HYDROGENATED 

AMORPHOUS CARBON 
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J.C. Corcoran and S.A. Lee 
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University of Toledo 

Toledo, OH 43606 USA 

ABSTRACT 

Photoluminescence spectroscopy has been used to study the effects of 

high pressure on hydrogenated amorphous carbon. Irreversible changes 

are observed in samples pressurized above 9.0 GPa. 

INTRODUCTION 

Interest has grown recently in hydrogenated amorphous carbon (HAC) 

because of its high hardness and significant optical gap (0.5 - 2.0 eV) and 

the relative ease with which it can be produced. These important properties 
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566 CORCORAN AND LEE 

of HAC are due to its microstructure, i.e., the type of bonding of the carbon 

atoms and the role of the hydrogen. The carbon atoms have both sp3 and 

sp2 types of bonding in these networks as shown by a variety of 

experimental techniques: electron-energy-loss spectroscopy (EELS),’ 

electron spin resonance (ESR) spectroscopy,* near edge absorption 

spectros~opy,~,~ and infrared spectro~copy.~ The correlation between the 

optical gap and the Raman spectra indicates that the optical properties are 

determined by compact sc-bonded clusters composed of approximately 10- 

100 aromatic rings.‘ The optical gap of such clusters varies as 6.0/N”2 

(ev), where N is the number of rings.7 

Tamor and Wu have developed the “defected graphite” (DG) model to 

explain the large body of experimental data available for HAC.8 In graphite, 

all of the carbon atoms have sp2 bonding and form sheets. The R electrons 

in graphite are completely delocalized and cause graphite to be a 

semimetal. The fact that an appreciable optical gap is observed in HAC 

shows that a significant fraction of the carbon atoms have sp3 hybridization. 

In the DG model, defects are either a carbon atom vacancy or a carbon 

atom with sp3 bonding. Hydrogen is incorporated in the network by 

passivating ”dangling” bonds at such defect sites. 

High pressure techniques have shown that amorphous insulators such 

as SiO, and GeO, can be irreversibly modified by the application of 

pressure. Grimsditch’ found that the product of the refractive index and the 
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HYDROGENATED AMORPHOUS CARBON 567 

speed of sound changed irreversibly in SiO, samples which were 

pressurized to 16 GPa (1 GPa = 9869 atm), indicating that a new form of 

amorphous SiO, had been formed. Hemley et a/.'' used in situ Raman 

scattering to study changes in the 90, network during compression. They 

found that reversible changes in the S i -0 -9  bond angles were induced up 

to 8 GPa. Higher pressures caused irreversible changes in the bond angles 

along with a shift in the average number of atoms in rings within the 

network. ltie eta/." used x-ray absorption spectra on amorphous GeO, to 

show that the coordination of Ge changes from fourfold to sixfold at 

pressures between 7 and 9 GPa. These results suggest that high pressure 

can be used to modify amorphous networks and the average coordination 

number for insulators. 

No report has yet appeared in the literature to report such irreversible 

behavior in an amorphous semiconductor. In this Letter, we report our 

room temperature study of the photoluminescence (PL) properties of HAC 

(an amorphous semiconductor) up to 10 GPa of pressure. The fact that 

HAC is amorphous causes its PL to be very Changes observed 

in the PL indicate a modification to the electronic properties of our samples. 

EXPERIMENTAL 

HAC was produced in the form of thin films by use of an rf glow 

discharge tube with methane used as the deposition medium. Small pieces 
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of these films (about 50 pm in diameter) were loaded into a miniature 

Merrill-Bassett diamond anvil The sample was contained in a 250 pm 

diameter hole in an lnconel X-750 gasket. A 4:l mixture of methanol and 

ethanol was used as the pressure-transmitting medium.” Such mixtures 

have been shown to be hydrostatic at room temperature up to 10 GPa.15 

Small pieces of ruby were also placed in the sample chamber. The 

frequency of the R, and R, fluorescence of ruby is pressure-dependent and 

has been calibrated.’‘ Thus, in situ measurements of the pressure were 

made. No significant broadening of the R, and R, peaks was observed in 

any experiments, indicating that there were no significant pressure 

gradients. 

The photoluminescence spectra were excited by using about 200 Mw 

of 4880 A light from an argon-ion laser. Backscattered light was focussed 

into a double monochromator and detected with a photomultiplier tube. 

Standard photon counting electronics were controlled by an IBM PC-XT to 

acquire the signal. 

RESULTS AND DISCUSSION 

A typical photoluminescence spectrum from HAC (at 2.57 GPa) is 

shown in Fig. 1. All of the PL spectra were of the same general shape. As 

the pressure on the HAC is increased, the position of the peak moves to 
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1.5 1.7 1 9  2.1 2.3 2.5 

energy (eV) 

Fig. 1 The photoluminescence signal from HAC at 2.57 GPa and room 
temperature. The sharp feature near 1.78 eV is due to the ruby 
fluorescence. 

higher energies. An examination of Fig. 1 shows that it is difficult to locate 

the maximurn of the PL spectra accurately due to its large width. Two 

different techniques were used: 1 .) a third-order polynomial was fitted to the 

top of the peak and the maximum of this polynomial was determined by 

setting its derivative equal to zero; and 2.) the position of the peaks were 

determined by visual inspection. The results of the two procedures were 

virtually indistinguishable. In order to eliminate any possible human biases, 

only the results of the third-order polynomial fits are reported here. 

Figs. 2 and 3 show the peak position of the PL as a function of both 

increasing and decreasing pressure for two different samples. Both figures 
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570 CORCORAN AND LEE 

show that the peak position shifts to higher energy as the pressure is 

increased. This indicates that the band gap is widening as the pressure is 

increased. This behavior cannot continue to arbitrarily high pressures as 

all materials will become metallic when compressed sufficiently. However, 

this initial increase of the band gap with pressure has been observed in 

many semiconductors. For instance, the band gap in GaAs initially 

increases at a rate of +107.3 meV/GPa.” 

The maximum pressure attained in Fig. 2 was 9.0 GPa while the 

maximum pressure attained in Fig. 3 was 9.5 GPa. Notice that significant 

hysteresis is observed as the pressure is lowered in both figures. However, 

upon return to atmospheric pressure, the peak position of Fig. 2 returns to 

the (essentially) the same value as the PL peak in the unpressurized 

sample. Fig. 3 shows that the peak position does not return to its 

unpressurized value. 

The irreversible shift of the peak position for a sample pressurized to 

9.5 GPa is evidence that the HAC sample has been changed in an 

irreversible manner by the application of pressure. Samples raised to a 

lower maximum pressure (4 9.0 GPa) did not show these irreversible 

changes. Consequently, the critical pressure for irreversible changes is 

between 9.0 and 9.5 GPa. 
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Fig. 2 Plot of the maximum intensity of the photoluminescence signal from 
HAC as a function of pressure. The maximum pressure for this 
sample was 9.0 GPa. The circles (0) are for increasing pressure and 
the squares (0) are for decreasing pressure. The solid lines are 
merely guides for the eye. 

2.30 

2.26 

2.22 
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0 2 4 6 8 10 

pressure (GPa) 

Fig. 3 Plot of the maximurn intensity of the photoluminescence signal from 
HAC as a function of pressure. The maximum pressure for this 
sample was 9.5 GPa. The circles (0) are for increasing pressure and 
the squares (0) are for decreasing pressure. The solid lines are 
merely guides for the eye. 
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At the present time not enough experimental evidence is available to 

determine the microscopic nature of this irreversible change. Two possible 

explanations are 1.) an irreversible densification of the sample; or 2.) an 

irreversible change in the bonding of the network (i.e., the relative amounts 

of sp2 and sp3 bonding). It would seem reasonable that the network might 

be irreversibly densified at a lower pressure than necessary to change the 

bonding. However, the maximum pressure necessary to change the PL 

spectrum irreversibly is within the pressure range fur changes in the 

bonding. As discussed earlier, bonding changes occur in amorphous SiO, 

beginning at about 8 GPa and in amorphous GeO, between 7 and 9 GPa. 

SUMMARY 

The application of high pressure to samples of hydrogenated 

amorphous carbon causes the photoluminescence to shift to higher 

energies, indicating that the energy gap between the corresponding 

electronic states is widening. Irreversible changes have been observed in 

the  PL spectra of samples raised to pressures on the order of 9.5 GPa 

while samples raised to 9.0 GPa did not display any irreversible changes. 

This indicates that the "critical" pressure for such irreversible changes is 

between 9.0 and 9.5 GPa. This is the first report of such irreversible 

pressure-induced changes in an amorphous semiconductor. 
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