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Relaxation processes and stability of charge centers in preirradiated doped rare gas solids were
studied combining spectrally resolved thermally stimulated luminescence (TSL) and exoelectron
emission (TSEE) techniques. The thermally assisted emission of electrons was found. Comparison
of the yields of electrons and photons in VUV and visible ranges made it possible for the first time
to discriminate between reactions of neutral species and charge carriers and find their interconnection.
Ranges of charge center thermostability were found.

1. Introduction

Interaction of ionizing radiation with insulators

turns them into metastable solids containing charge

carriers, guest atoms, radicals and defect of struc-

ture. Energy absorbed during the irradiation and

stored by these centers can be released by heating

of samples triggering a complex series of reactions

followed by energy conversion and transfer pro-

cesses. Understanding thermally assisted physical

and chemical processes in irradiated solids is of

considerable interest both from the point of view of

fundamental solid state physics, and a number of

important applications in dosimetry, photochemis-

try, material and surface sciences.

Important information on energy relaxation,

recombination and diffusion processes can be ob-

tained by methods of thermally activated spec-

troscopy. Thermally stimulated luminescence (TSL)

is a valuable tool for studying recombination and

relaxation paths in metastable solids as well as for

trap-level analysis.1 However, an interpretation of

TSL data is complicated by the fact that it can

stem both from charge carrier recombination and

from thermally driven chemical reactions of neutral

fragments.2,3 To distinguish these processes the TSL

method may be combined with measurements of

thermally stimulated conductivity (TSC) or ther-

mally stimulated emission of electrons (TSEE) from

the sample into vacuum.

In this paper we present the results obtained

combining the techniques of spectrally resolved TSL

and TSEE applied to rare gas solids (RGS). These

model insulators are the widest band gap solids in

nature. An excitation above energy gap Eg results

in electron–hole pair formation. Strong interaction

with acoustic phonons causes hole self-trapping in
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the lattice of all RGS. It was shown theoretically4 as

well as then experimentally5–7 that the self-trapped

holes (STH) have a configuration of molecular ionic

dimers Rg+
2 . Those can be considered as intrinsic

ionic centers in the lattice. The STHs are stable

as long as electrons are trapped at defects of struc-

ture or guests with positive electron affinity. Self-

trapping of electrons was found only in solid He and

suggested in Ne.4 In solid Ar, Kr and Xe the free

conduction electron state is more stable than the

localized one and electrons released from the traps

by heating or by photons are highly mobile. Several

studies of TSL from nominally pure RGS8–10 and

from doped ones11–15 were reported. However,

there are only a few experimental studies of

intrinsic recombination VUV emission stimulated

by heating7,8,12 of RGS after exposure to ionizing

radiation. This emission corresponds to luminescence

of self-trapped excitons which can be viewed as Rg∗2
centers in the lattice. The techniques of thermally

stimulated currents were rarely applied to RGS. To

the best of our knowledge only two TSC studies

of doped Ar and Kr solids were performed,13,16

however, without TSL analysis in VUV.

2. Experimental Section

2.1. Sample preparation

Samples of RGS were grown from the gas phase

by condensation on a cooled metal substrate. The

structure of samples and therefore charge trap

levels and their distribution within the energy gap

were varied by changing deposition temperature and

gas flow parameters — deposition mode (pulsed or

continuous), flow speed, pulse duration and fre-

quency. For the most part we used pulsed deposi-

tion. A typical deposition rate was kept at about

10−2µms−1. High-purity (99.999%) Ar gas was used.

CO, N2 and O2 were used as dopants. Before the

experiment, the gas-handling system was degassed

by heating under pumping. The pressure in the

deposition chamber was 6 · 10−8 mbar. The presence

of impurities and dopants was monitored with a

mass spectrometer and by the measurement of the

infrared absorption spectrum. The mass spectrum

of the residual gases showed lines of N2, O2, H2O,

CO2. The contamination was smaller than 10−4. The

following characteristic impurity bands were used for

the control: H2O− 1631 cm−1; CO2 − 2338.7 cm−1;

CO − 2140.9 cm−1. The deposition rate and the

sample thickness were determined by measuring the

pressure decrease in a known volume and by observ-

ing fringes in the IR spectrum. A typical sample

thickness was 100 µm.

2.2. Charge center generation

To ionize the samples we used an electron beam

because the ionization cross-section in this case is

by a factor of 102 greater than that at photoioniza-

tion. Charged centers were generated in two ways:

(i) by irradiation of the grown neutral sample and

(ii) by deposition of the gas under electron bombard-

ment. In case (i) the thickness of the subsurface layer

containing charged centers depends on the electron

beam energy and can be easily varied. Using the (ii)

way it was possible to generate charged centers across

the whole sample. In both cases we used slow elec-

trons of energy 120 eV (close to the maximum of

ionization cross-section 50 eV) in case (ii) and up to

1 keV in case (i). The current density of the electron

beam was kept at about 0.1 mAcm−2 in case (i) and

0.03 mAcm−2 at the deposition under the electron

beam.

2.3. Activation spectroscopy

In our study a release of electrons from the traps

and their transport were detected by measuring of

TSEE as well as recording yields of recombination

luminescence. In addition we detected photostimu-

lated exoelectron emission (PSEE). Recombination

of electrons with intrinsic ionic centers is followed

by an emission of self-trapped excitons (so-called

M-band). A range of recombination emission of

positively charged guest centers depends on their

level location within the band gap. Yields of visible

and VUV light were detected with a conventional

and solar-blind PMT. The total yield of TSL was

measured with a PMT sensitized to VUV light. In

addition we measured yields of spectrally resolved

emissions at the wavelength of the intrinsic recom-

bination luminescence and TSL of the dopant. The

emission of electrons from preirradiated samples was

detected with a movable Au-coated Faraday plate

kept at a small positive potential (9 V). It was posi-

tioned at a distance of 5 mm in front of the sample

grown on a grounded substrate. As the substrate we
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used a silver-coated copper mirror, whose tempera-

ture was measured with a calibrated silicon diode

sensor. A programmable temperature controller

permitted us to keep the desired temperature and

heating regimes. In most experiments we used a

linear heating with the rate of 3.2 Kmin−1. The

current from the Faraday plate was amplified by

a FEMTO DLPCA 100 current amplifier. The

converted voltage was reversed in the polarity by an

invertor and digitized in a PC. A current as low as

100 fA can be easily detected. In the PSEE experi-

ments a Coherent 899-05 dye laser using Stilbene 3

and pumped with a Coherent argon ion laser (Innova

200) was used.

3. Results and Discussion

3.1. TSL study

Because of the high ionization potentials I of the

light RGS, Ne and Ar are the matrices of choice

for studies of relaxation processes in these mate-

rials. We have first concentrated on the study of

doped Ar solids in view of a wider temperature range

available. I (CO) = 14.01 eV and CO+ centers can

be generated in Ar matrix due to high I of Ar

(I = 15.759 eV). In solid Ar the band gap at the

Γ-point is Eg = 14.16 eV.17 The other dopants were

chosen to produce under irradiation transient species

(N, O) capable of diffusing through the matrix under

heating. Note that O atoms in their ground state 3P

are effective deep traps for electrons because of the

high electron affinity Ea = 1.46 eV.18 Ea of atomic N

in the ground 4S-state is of −0.1 eV19 and these radi-

cals cannot be seen as electron scavengers. The VUV

luminescence of CO doped solid Ar under band-to-

band excitation is shown in Fig. 1. It consists of

known M-band stemming from the radiative decay of

molecular centers Ar∗2 (1,3
∑+

u → 1
∑+

g ), wide band

about 6.2 eV identified20 as transition of self-trapped

holes Ar+∗
2 and Cameron bands (a3Π → X1

∑+
) of

matrix isolated CO. The most intensive bands (0–0,

0–1, 0–2) of the progression are shown in Fig. 1. Note

that the M-band and Cameron bands are effectively

excited following primary creation of electron–hole

pairs.21 Sensitivity of the CO emission to the ex-

istence of electrons in the conduction band of solid

Ar14 and high negative affinity Ea = −1.6 eV22 make

it suitable for TSL studies along with the M-band.

The total yield of TSL (curve c), yields of (0–1)
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Fig. 1. Luminescence of CO-doped solid Ar, excited
with hν = 14.2 eV at 5 K.21 Arrows indicate the photon
energies used for spectrally resolved TSL measurements.
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Fig. 2. Total yields of TSEE (a) and TSL (c). Spec-
trally resolved TSL (b, d) recorded at the photon ener-
gies shown in Fig. 1. Deconvolution of the CO TSL curve
into first-order peaks is presented in the low curve.
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the Cameron emission band (d) and the M-band (b)

are shown in Fig. 2 along with the results of curve

fitting assuming first-order kinetics.14 The first low-

temperature peak centered at 12 K is clearly seen in

the total yield of the TSL (c) and in spectrally re-

solved intrinsic recombination luminescence (b). In

the TSL at the wavelength of CO emission, the 12 K

peak is fairly weak. Taking into account the low con-

centration of the dopant (0.1%) spread over the bulk

of the sample, one can expect a low probability of

CO+ recombination with electrons at the surface.

This observation suggests that mainly surface traps

contribute to this peak. The peak at 15 K was at-

tributed to a formation of Frenkel pairs (vacancies

and interstitials) based on the dose dependence of

this peak.10 A generation of point defects in solid

Ar under irradiation by low-energy electrons was ob-

served in Ref. 6. Both of these peaks are observed

in a current curve — thermally stimulated exoelec-

tron emission from solid Ar (curve a), which will be

discussed in the next subsection. The peak around

22 K is observed in the total yield of the TSL, in

the yields of intrinsic and extrinsic recombination

luminescence. The peak was also detected in glow

curve taken from nominally pure solid Ar irradiated

by X-rays at 15 K9 and by monitoring emission from

O2-doped Ar matrix (the Herzberg progression).13 It

was speculated there that this peak in TSL is caused

by chemiluminescence accompanied by the recombi-

nation of O− ions with neutral O atoms. To clarify

an origin of this peak we turn our attention to the

behavior of thermally stimulated currents.

3.2. TSEE study

The TSEE yield from nominally pure Ar is shown in

Fig. 2 (curve a) and from Ar matrices doped with

N2 (a) and CO (b) in Fig. 3. The structure of cur-

rent curves depends on crystal quality, the kind and

content of the dopant, residual gas contamination

and the prehistory of the sample. However, samples

grown in an identical way exhibited quite repro-

ducible TSEE curves. Two peaks at 12 K and 15 K

are characteristic of all Ar solids. Their identifica-

tion was discussed in the previous subsection. Doping

with 0.1% O2 (not shown in the figure) resulted in a

strong suppression of TSEE from samples because of

an increase in the concentration of deep traps. Note

that O2 centers are also effective traps of electrons

10 20 30 40 50

0.1% CO/Ar

0.4% N
2
/Ar

b)

a)

C
ur

re
n

t, 
a

.u
.

Temperature, K

Fig. 3. TSEE current curves measured from solid Ar
doped with 0.4% N2 (curve a) and 0.1% CO (curve b).

(Ea = 0.44 eV23). The presence of small contents

(0.01%) of O2 resulted in an emergence of the

peak at 22 K. Doping with N2 caused an enhance-

ment of high-temperature peaks above 30 K. In

nitrogen-containing samples a long-lived afterglow

and “afteremission” were observed due to the

well-known long lifetime transition 2D → 4S of N

atoms with characteristic decay time τ of about

20 s.24 Note that the τ of exponential decay extracted

from the current curves of the “afteremission”

depends on the sample structure.

The TSEE curve with well-defined peaks was

measured from a CO-doped sample which was

annealed at 23 K and then photolyzed before the

irradiation at T = 8 K. The sample contained O and

N atoms. The TSEE yield was taken after the

decay of the “afteremission.” A content of neutral

CO in the matrix monitored by absorption measure-

ment increased during the heating. There is a good

reason to believe that the peak at 22 K in the TSEE

yield stems from thermally stimulated recombina-

tion of O atoms. The subsequent cycle of irradiation

(without photolysis) and heating showed no distinc-

tive feature at T = 22 K. The peak around 30 K

demonstrates a similar behavior. The interpretation

of high-temperature peaks is hampered because the

TSEE curves are affected by a sublimation of sample

at T > 30 K.
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The current curves give direct evidence of the

appearance of mobile negatively charged carriers

(more likely electrons) upon heating of the preirradi-

ated samples. A correlation between TSEE and TSL

peaks indicates common relaxation processes under-

lying these phenomena. Electrons released from traps

by heating and promoted to the conduction band

can then escape from the sample or reach positively

charged centers and recombine yielding TSL by the

reactions:

Ar+
2 + e→ Ar∗2 → Ar + Ar + hν ,

CO+ + e→ CO∗ → CO + hν .

The whole set of data on the 22 K peak behavior

— observation of the peak in spectrally resolved TSL

yield in the intrinsic recombination emission (the

M-band) and in the extrinsic one (Cameron bands)

as well as in TSEE yield can be explained if one

suggests the following scenario. In freeing and mo-

bilizing electrons the energy could be transferred

nonradiatively but more likely by the light emitted

due to O radical recombination. An emission of the

Herzberg bands was observed at T = 22 K13 along

with TSC through the Ar matrix.

3.3. PSEE study

To verify the suggested scenario, a special experi-

ment on photon-stimulated exoelectron emission was

performed. The emission of electrons measured

immediately after sample preparation — “afteremis-

sion” was measured (low curve in Fig. 4). On com-

pletion of its decay laser light was focused at the

sample whilst the PSEE current was monitored as a

function of time (upper curve in Fig. 4). The energy

chosen for the excitation coincides with one of the

Herzberg progression band. An intensive emission

of electrons was found under laser excitation. Note

that the current was observed at low temperature,

which is out of the range of the TSEE. Test experi-

ments have shown that no current is observed from

the substrate and from nonirradiated sample of solid

Ar as one can expect. The energy of photons used in

the PSEE experiments was lower than the threshold

energy of photoemission from the substrate (work

function of Ag is of 4.74 eV). Kinetics of the PSEE

current decay is described by a double exponential

law with τ1 = 21 s and τ2 = 190 s. The long time
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Fig. 4. Temporal variation of PSEE current from preir-
radiated solid Ar excited by laser light with hν = 2.76 eV
at T = 8 K. The low curve shows “afteremission”
observed from the sample.

coincides within the accuracy of fitting (30%) with

the characteristic decay time of “afteremission” for

this sample. PSEE is in fact the optical equivalent of

TSEE. Photons whose energy is sufficient to excite

the trapped electrons into the conduction band

generate mobile electrons capable of escaping the

solid. The decay of the free-carrier density Nc can be

represented for the case of no-retrapping by a simple

exponential expression,25 which is

Nc = gτcNt0 exp(−gt) ,

where g is the product of the density of photons

irradiating the sample and effective interaction cross-

section of the photons and the electrons in the

traps, and τc is the effective lifetime of the elec-

trons in the conduction band. For insulators con-

taining space charge τc is a complex function of the

mobility of charge carriers, the applied voltage, the

electrode spacing and its evaluation requires special

experiments. The decaying portion of the current-

time transient curve describes the decrease in mobile



358 E. V. Savchenko et al.

electron density during trap emptying and τ = g−1

estimated from the curve (τ1 and τ2) characterizes

the effective interaction cross-section of the photons

and electrons in definite kinds of traps. The fact

that the PSEE curve is best fitted by the double

exponent law associates with contributions of two

kinds of traps with different parameters. One can

expect a presence of deep traps O− and O−2 . Their

binding energies are Eb(O−) = 2.61 eV and Eb

(O−2 ) = 1.6 eV. Eb were estimated by Ea corrected

by polarization energy of Ar (−1.15 eV).26 The data

obtained support the suggested mechanism of the

conversion of chemical reaction energy into kinetic

energy of electrons followed by charge transfer.

4. Summary

Electronic processes of relaxation in preirradiated

solid Ar doped with CO, N2, O2 were studied by

activation spectroscopy methods — TSL, TSEE

and PSEE. Correlation of photon yields in VUV

and visible ranges with electron yield enables one

to discriminate between reactions of neutral and

charged species, find their interconnection and recon-

struct the cascade of energy and charge relaxation.
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