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UV-irradiation and thermal-annealing studies in amorphous hydrogenated
boron nitride thin films
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Both photoproduction and photobleaching of dangling bonds by uv irradiation and thermal annealing were
observed by electron spin resonan&SR in amorphous hydrogenated boron nitride. A model involving
long-range hydrogen diffusion and hydrogen evolution is proposed to account for the ESR spectral line shapes
observed after uv irradiation and thermal annealing. A Gaussian distribution of activation energies for the
long-range hydrogen diffusion was used to explain the observed decrease in spin susceptibility after thermal
annealing. A best fit to the spin susceptibility data gave an average activation energy of 0.0475 eV and a
half-width of this Gaussian distribution of 0.027 eN560163-18207)06028-1

Light-induced deep gap states, such as dangling bondsuartz cavity cylinder containing distilled water along with a
can play an important role in the electronic properties ofuv high pass filtefDow Corning No. 9868was inserted into
amorphous semiconductors. For example, Staebler anthe light beam to remove some of the infrared energy. A
Wronski first reported photoproduction of dangling bonds invacuum oven was used for the thermal annealing.
amorphous hydrogenated silicon that lower the photoconduc- In Fig. 1, the ESR spectra of amorphous hydrogenated
tivity of the material; the photoproduction of dangling bondsboron nitride are displayed beforéo)( and after @) the
was reversible by thermal annealihd®hotobleaching has sample had been exposed to uv light ®h atroom tem-
been observed in amorphous hydrogenated silicon rftrideperature. The difference between specp gnd () is also
and in amorphous hydrogenated carBon;both studies, the shown, clearly displaying both the photobleachitde-
photobleaching was reversible by thermal annealing. We reereased ESR signabccurring in the wings and photopro-
port here both photoproduction and photobleaching of daneuction(increased ESR signabccurring in the center of the
gling bonds in amorphous hydrogenated boron nitride detine.
tected by electron spin resonan@&SR); both effects were In Fig. 2, the ESR spectra of a second amorphous hydro-
not reversible by thermal annealing. And we propose aenated boron nitride sample are displayed befte gnd
simple model involving hydrogen diffusion to explain these after (a) the sample had been exposed to uv light4ch at
results. room temperature. These spectra in Fig. 2 are quite different

In a previous paper, we reported ESR results that confrom those in Fig. 1, due t¢1) a higher concentration of
firmed the existence of a nanocrystalline as well as an amothree-boron defect sites and a lower concentration of one-
phous phase in hydrogenated boron nitride thin films grown
by plasma-assisted chemical vapor depositiothe ESR
spectra in these as-grown samples consist of a ten-line spec
trum and a four-line spectrum superimposed on a broad cen- .,
tral line. The ten-line spectrum was assigned to a three-boron;
(B defect site, while the four-line spectrum was associ-
ated with a one-boron defect skeBoth defect sites are lo-
cated in the nanocrystalline cubic boron nitride regions,
whereas the broad central line is due to dangling bonds in the:
amorphous hydrogenated boron nitride regibns.

A capacitively coupled rf plasma reactor with a rf power
of 23 W, a self-bias of 430 V, and a feedstock of 2.0 mTorr &
diborane, 40 mTorr ammonia, and 358 mTorr hydrogen was *é
used to grow the amorphous hydrogenated boron nitride thinZ
films.* Aluminum foil substrates were mounted on the anode
for film growth and dilute hydrochloric acid was used to
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dissolve the aluminum, leaving free-standing thin films that ' 3 ’ 323
were inserted into arX-band ESR spectrometdiVarian Magnetic Field(mT)

E-12). The signal averaging and double integration of the

ESR signals were carried out with available softweBeien- FIG. 1. First derivative ESR line shapes for an amorphous hy-

tific Software, Bloomington, . The samples were irradi- drogenated boron nitride thin films observed before uv irradiation
ated outside the microwave cavity with a 100-W high- (line shapeb), after uv irradiatior(line shapea), and the difference
pressure mercury lamf©sram HBO 10D An 11-cm-long between line shapes andb.
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FIG. 2. First derivative ESR line shapes for a second amorphous FIG. 4. The following difference first derivative ESR
hydrogenated boron thin film observed before uv irradiatiore spectra, S(300)— S(uv), S(400)— S(300), S(500)—S(400), and
shapeb), after uv irradiation(line shapea), and the difference  S(600)— S(500). S(uv), S(300), S(400), S(500), andS(600) are
between line shapes andb. the spectra in Fig. 3.

boron sites in the boron nitride nanocrystals d8glarger ~ ©Of the line. Similarly, after annealing at 400 °C there are
hyperfine splittings in the amorphous regions which broader'iedUCt'O”S in the wings and an increase at the center of the
the central peak. The cause of these variations in defect defin. Only after annealing at 500 and 600 °C is there a sub-
sities and hyperfine splittings from sample to sample is no{stanyal reduction in the intensity in the wings as well as in
known but under investigatich.However, the difference the line center. o o o
spectrum betweera] and (o) shown in Fig. 2 has the same The data shown in Figs. 3 and 4 |_nd|cate bo_th_ a redistri-
features as the difference spectrum in Fig. 1: photobleachin?nu"Ion and a selective removal of spin susceptibility due to
in the wings and photoproduction in the center of the line. hérmal annealing. This behavior suggests a distribution of
To investigate the effect of thermal annealing on ourParamagnetic defect sites, each charact(_::rlzed by an activa-
samples, we carried out the following experiments. After uytion energye. Our model for the decrease in the spin suscep-
exposure, the second sample was sequentially annealed {tility due to thermal annealing consists of two assumptions:
temperatures of 300, 400, 500, and 600 °C in a vacuum oveft) the spin susceptibility with an activation energys re-
for 1 h. ESR measurements were made after each annealifigeved wherkT=e¢, whereT is the thermal annealing tem-
process; these spectra are displayed in Fig. 3. Figure 4 sholgrature; and2) the distribution of spin activation energies
the difference spectra between the successive spectra of Fi§. Gaussian:
3. It can be seen that after the 300 °C anneal there is pho-
tobleaching in the wings and photoproduction in the center
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FIG. 3. First derivative ESR line shapes for the second amor-
phous hydrogenated boron nitride thin film after uv irradiation, FIG. 5. The measured fraction of spin susceptibility removed on
S(uv), and after thermal annealing at 300, 400, 500, and 600 °Cthermal annealingsolid circles and the calculated best fit from Eq.
namelyS(300), S(400), S(500), andS(600), respectively. (3) (open circleg as a function of annealing temperatufes e/k.
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n(e)xexp—[(e—e)?/A?], (1) plained by long-range diffusion of hydrogen in the sample.

. . . . L The loss of hydrogen from a dangling-bond environment will
where_n(e) Is the density .Of spins with an act!vanon ENergy remove the hydrogen hyperfine coupling constant and conse-
\7\;i diﬁ (')Sf :EE aévaegggieanafjtilsvt?ittl)%r:ioine'ltﬂi,niﬁ(ejlss t?nesr:glge i quently shift the spin packet position to the center of the line.

- ) * SP PUThe activation energy that characterizes each dangling-bond
bility removed after an anneal at temperatiirés

site will be the activation energy for long-range hydrogen

KT oo diffusion at that site. Moreover, the net decrease in the spin
X(T)“f exp—[(e—e€p)“/A%]de, (2)  susceptibility after each anneal means that there is a net re-
duction in the number of dangling bonds after each anneal,

x(T)ocerf(kT). 3) possibly due to a reaction between the dangling bonds and

the diffusing hydrogen.

In Fig. 5 the solid circles are the experimental values of the |5 conclusion, we have observed ultraviolet-radiation
spin susceptibility removed as a function of annegling t?m'photobleaching and photoproduction of dangling bonds in
perature, T=e/k; the open circles are the best fit of this 5mrphous hydrogenated boron nitride. Thermal annealing
experimental data to E3), giving values ofeo=0.0475 eV yroquced similar changes in the ESR line shape. A model
andA=0.027 eV. _ . involving the long-range diffusion of hydrogen is proposed

Previously, we have reported that on using deuterium iny, explain these results. This model accounts for the decrease
stead of hydrogen in the feedstock, the broad ESR spectrg} intensity in the wings and the increase in intensity in the
line shape narrowed significanttthe peak-to-peak linewidth  |ine center. The model also accounts for the overall decrease
was reduced from 1.35 to 0.8 mfThis observation proves spin susceptibility with increasing annealing temperature

that the spin intensity in the wings of the ESR line shape is,y ysing a Gaussian distribution of activation energies for
determined by hyperfine interactions with hydrogen. The t""%ydrogen diffusion.

main features observed in the ESR spectra due to uv irradia-
tion or thermal annealing, photoproduction in the line center This research was partly supported by the University of
and photobleaching in the wings, can now be ex-Missouri Center for Molecular Electronics.
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