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Anomalous low-temperature “post-desorption”
from solid nitrogen
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Anomalous low-temperature post-desorption (ALTpD) from the surface of nominally pure solid nitrogen pre-
liminary irradiated by an electron beam was detected for the first time. The study was performed using a combi-
nation of activation spectroscopy methods — thermally stimulated exoelectron emission (TSEE) and spectrally
resolved thermally stimulated luminescence (TSL) — with detection of the ALTpD vyield. Charge recombination
reactions are considered to be the stimulating factor for the desorption from pre-irradiated a-phase solid nitrogen.

PACS: 66.30.hp Molecular crystals;

79.20.La Photon- and electron-stimulated desorption.
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1. Introduction

Thermal desorption of atomic and molecular species
from different substrates and solidified gas layers has at-
tracted much attention ([1-12] and references therein) for
its intrinsic scientific merits and numerous technological
applications (surface modification, nanochemistry, storage
of gases in nanostructured materials, vacuum technique,
etc.). Molecules or atoms adsorbed on a surface have dif-
ferent binding energies which vary with sites at the sur-
face. When the surface is heated the energy transferred to
the adsorbed species at some temperature appears large
enough to break the bond and cause the adsorbate desorp-
tion. Temperature-programmed desorption (TPD) tech-
nique is in most common use to study the binding energies,
kinetic and thermodynamic parameters of desorption. The
partial pressures of atoms or molecules desorbing from the
sample upon heating by a certain program are measured,
e.g., by mass spectrometry, yielding fluxes of species as a
function of temperature. The temperature at which desorp-
tion takes place is characteristic of adsorbate and the posi-
tion of its adsorption. Because of this TPD technique is
often called thermal desorption spectroscopy (TDS). The

intensity of TDS peaks provides information on the
amounts of species adsorbed at different sites of the sur-
face. So, studying the low-temperature desorption of nitro-
gen from the Ny-saturated powder of bundles of single-
walled carbon nanotubes (SWCNTSs) with open and closed
ends [1] it was shown that high concentration of No can
be sorbed especially by tubes with open ends (up to
46.4 mol/mol%) and the sites of possible sorption of Ny
molecules were found. It was suggested that N2 molecules
can occupy the grooves at the surface of SWNT bundles
and form two or three layers at the bundle surface. They
can also penetrate through inevitable surface defects inside
the nanotubes that form the outer surface of the bundle.
Special attention is paid to thermal desorption in studies
of interstellar ice analogues [2,6,11,12]. Survey of labora-
tory study of the thermal desorption of astrophysically re-
levant molecules is presented in [11]. The desorption be-
havior of monolayers and multilayers of N2, O2, CO, CHgy
and other molecules during thermal processing was inves-
tigated with TPD/TDS technique. Desorption peak of ni-
trogen deposited on to a gold substrate was observed near
20 K. Note that TPD trace of nitrogen deposited on to a
pre-adsorbed films of solid HoO differs greatly in shape.
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Several peaks were observed near 25, 45, 140 and 160 K.
Desorption of nitrogen from SWCNTs [1] showed two
wide peaks about 50 and 75 K.

Another type of desorption or sputtering is observed
under excitation with high-energy photons, electrons and
ions. In this case the physical processes caused the sputter-
ing of mono- and multilayers are, so-called, knock-on col-
lisions and electronic excitations. If an energetic incident
particle strikes the surface a target particle may gain suffi-
cient momentum to overcome the binding forces and es-
cape directly or after a cascade of collisions. At relatively
high beam fluxes the surface temperature increases and
thermal desorption may also contribute to the sputtering
yield. Electronic desorption or desorption induced by elec-
tronic transitions (DIET) is a more complex process in-
volving relaxation of electronic excitations and conversion
of electronic energy into atomic motions [13,14].

Electronic desorption of solid nitrogen was studied un-
der excitation with electrons [15-20], ions [20-26] and
photons [27,28]. Mass spectrometry analysis [16] of spe-
cies desorbing under bombardment by 0.5 keV electrons
revealed atoms, molecules and clusters ejected into va-
cuum: N, N2, N3, and Ng4. The dominant component ap-
peared to be N2 molecules. Kinetic energy distribution of
N and N2 shows only one peak [16,17] with maximum
near (29+4) meV for Ny and (85+15) meV for N species
[17]. As to mechanisms of electronically induced desorp-
tion from solid nitrogen they are still not well understood.
Several mechanisms of DIET were considered. Based on
kinetic energy distribution of particles desorbed from solid
nitrogen it was suggested [16] that the relaxation energy is
released in steps. An existence of two different parts, the
high-energy tail from 1 to 3 eV and low-energy part below
1 eV, suggests at least two different nonradiative processes
that cause DIET of solid nitrogen irradiated by an electron
beam. As it was found in the experiments on determination
of the threshold energy Enr for electron stimulated desorp-
tion, Einr of neutral molecules N2 with respect to the con-
duction band is 6.8 eV [17]. Authors associate this thre-
shold with low-laying triplet excitations A3Zj. According
their data the DIET cross-section is roughly proportional to
that of the net electronic excitation. However no selective
enhancement was found only some blurred step near 15 eV.
DIET excited via negative ion resonances below the triplet
threshold was registered with the extremely low yield
(lower by a factor of 20 than that for DIET near the triplet
threshold). Discussing different possible routs of excited
state coupling to nuclear motion authors came to conclu-
sion that coupling of electronic to translational energy
through radiationless decay could be an important channel
for DIET from molecular solids.

The primary excitations appearing under irradiation re-
lax by different paths producing a number of secondary
excitations and involve such processes as emission of elec-
trons and photons, charge and energy transport, electron—

Low Temperature Physics/Fizika Nizkikh Temperatur, 2013, v. 39, No. 5

hole recombination, creation of neutral and charged defect
centers, mass diffusion, electronic desorption, radiation-
induced reactions, etc. Some of secondary excitations are
stabilized in the solid storing part of energy absorbed dur-
ing irradiation. During the controlled warm-up this energy
can be released as photons, electrons and spent partially for
desorption. Recently [29-32] we found anomalous low-
temperature post-desorption (ALTpD) of own atoms from
the surfaces of pre-irradiated atomic cryocrystals. Strong
peaks of atom ejection were observed at temperatures
much lower than the characteristic sublimation tempera-
ture. Here we report first results of experiments on post-
desorption of nitrogen from the surface of nominally pure
solid nitrogen preliminary irradiated by an electron beam.
Relaxation processes were monitored using a combination
of three activation spectroscopy methods — thermally sti-
mulated luminescence (TSL) and thermally stimulated
exoelectron emission (TSEE) — with measurements of the
desorption yield via pressure detection.

2. Experimental section

The experiments presented here were performed using
facilities at TUM and ILT. The experimental techniques
developed have been described in more detail in [30,33],
and are therefore only briefly discussed here. Using the
TSEE method in a desorption study is obviously preferable
in comparison with other current activation spectroscopy
methods because TSEE vyield provides information on elec-
tron traps essentially on the surface and in the subsurface
layers. TSL yield contains contributions from the relaxa-
tion processes both occurring in the sample bulk and in the
subsurface layers. The developed approach enables us to
measure simultaneously the TSEE yield, the total and par-
tial yields of the TSL in the visible, near infrared, near UV
and VUV ranges as well as to monitor and record the pres-
sure above the sample, in a real time correlated fashion.

The samples were grown from the gas phase by deposi-
tion on a metal substrate coated by a thin layer of MgFs,
which was cooled to about 7 K by a two stage, closed-
cycle Leybold RGD 580 refrigerator or a liquid helium
cryostat. High-purity (99.999%) N> gas was used. The base
pressure in the vacuum chamber was about 108 mbar. The
deposition rate and the sample thickness were determined
by observing the pressure decrease in a known volume of
the gas-handling system. The typical deposition rate was
about 1071 pm/s, and samples of thickness 100 pm were
grown.

In order to ionize the samples and produce charge cen-
ters we used slow electrons of 500 eV energy. The deposi-
tion was performed with a concurrent irradiation by elec-
trons to generate charge centers throughout the sample or
alternatively the sample was irradiated after deposition.
The current density was kept at 30 pA/cmZ. An electrosta-
tic lens was used to focus the electrons. The radiation dose
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was varied by an exposure time. In the experiments pre-
sented we measured yields of TSEE from the samples,
TSL in VUV range and pressure above the sample during
sample heating. The exoelectron yield was measured with
an electrode kept at a small positive potential +9 V and con-
nected to the current amplifier FEMTO DLPCA 200. The
VUV cathodoluminescence spectra in the range 50-300 nm
were recorded with a modified VMR-2 monochromator.
The pressure changes in the sample chamber during the ex-
periment were monitored using a Compact BA Pressure
Gauge PBR 260. For calibration we used a flow rate con-
troller.

The temperature was measured by a calibrated silicon
diode sensor mounted directly on the substrate, with the
programmable temperature controller LTC 60 allowing us
not only to measure and maintain any desired temperature
during sample deposition, annealing and irradiation, but
also to control the heating regime flexibly. The relaxation
processes in N2 samples were studied in the temperature
range from 7 to 45 K. The entire control of the experiment
and the simultaneous acquisition of the TSL and TSEE
yields, as well as measurement and recording of the sample
temperature and of the vacuum sample chamber pressure
were accomplished using a computer program developed
specifically for these studies.

3. Results and discussion

In contrast to the relaxation scenario under excitation
the “post-irradiation” relaxation is triggered by controlled
heating of the preliminary irradiated sample. Primary elec-
tronic states in this case are determined by stable centers
survived in the solid on completing irradiation. Recent ex-
periments [34] revealed strong thermally stimulated exo-
electron emission from pre-irradiated solid nitrogen layers,
suggesting accumulation of negative charge in the solid.
Note that in solid nitrogen there is no barrier for electrons
to escape from the surface because of its negative electron
affinity [35]. The experimental studies of the excess elec-
tron transport in solid nitrogen performed using a muon
spin relaxation technique, which involves microscopic dis-
tances (1076—1075 cm) and therefore practically free from
the influence of crystal imperfection have demonstrated
free-like transport of electrons in a phase of solid nitrogen
[36]. The results of both studies [34,36] indicate trapping
of electrons at crystal defects and suggest a prominent part
played by radiation-induced charged species in the energy
storage and relaxation processes.

We combined measurements of TSEE vyield with pres-
sure monitoring upon warm-up of the pre-irradiated nitro-
gen film. The corresponding curves are shown in Fig. 1.
The TSEE curve exhibits two distinguishable features in
low-temperature range peaked at 12 and 15 K and a shoul-
der near 20 K. Then TSEE current gradually decreases to
30 K. Wide multipeaked curve indicates that there is a near-
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Fig. 1. Comparison of the electron emission yield with pressure
behavior upon warm-up of the pre-irradiated with electrons film
of solid nitrogen.

ly continuous distribution of trap energies. A shape of TSEE
curve accounts for the structure of sample and depends on
growth conditions. The most prominent peak is observed at
35 K. After 35.6 K where o—f phase transition occurs
TSEE current falls off because of scattering of electrons on
the rotational modes of N2 in B phase. The pressure curve
exhibits nonmonotonous behavior as illustrated in Fig. 1.
Clear enhancement of the “post-desorption” was observed
at low temperatures starting from 9 K with a wide peak
near 15 K, that is much lower than the characteristic sub-
limation temperature of solid nitrogen Tgp = 37 K. Because
of this feature this phenomenon will be called anomalous
low-temperature post-desorption. The most striking feature
of these curves is the correlation in pressure increase and
yield of TSEE. Such a correlation points to connection of
ALTpD with recombination of positively charged centers
and electrons. Interesting that upon completing irradiation
at low temperature some time was required to stabilize
both pressure and current. Figure 2 illustrates a decrease of
pressure and current (afteremission) after the electron
beam was switched off. Again clear correlation of pressure
behavior measured in the chamber and afteremission yield
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Fig. 2. Temporal behavior of pressure and afteremission of
electrons from the pre-irradiated film of solid nitrogen.
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was observed. Decay curve for pressure can be fitted by
two exponentials with the characteristic times t1 = (30£5) s
and 12 = (500+50) s.
It is well-known that solid nitrogen exhibits a long-
Izasting afterglow related to the forbidden atomic transition
D— S, so-called a group, with characteristic times 9-37 s
which belong to different components of this group: t=9 s
(521 nm), Tt = 25 s (522 nm), T = 37 s (523 nm) [37]. In
order to check the assumption that afteremission is stimu-
lated by photons of a line we measured afterglow from
pre-irradiated film of nitrogen on a line. The afterglow and
its exponential fit are shown in Fig. 3. The characteristic
times T = (25+3) s appeared to be close to 11 extracted from
the afteremission decay curve. Note that the spectral slit in
this experiment was not narrow enough to resolve compo-
nents of a group, so the magnitude obtained gives aver-
aged t. However the correlation of decay times for afterglow
and afteremission seems to be clear confirming photon-
stimulated origin of the phenomenon. Long component t;
of the afteremission cannot be attributed to direct photon-
stimulated emission of electrons. It is likely that this com-
ponent appears as the results of multiple electron retrap-
ping process. Similar effect was observed in afteremission

of pre-irradiated rare-gas solids [38].
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Fig. 3. Afterglow of nitrogen film detected on the 2D — 48 atom-
ic transition (a) and its exponential fit (b).
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Fig. 4. 3D plot of TSL in the range of the 2D — *s transition.

Figure 4 demonstrates TSL from pre-irradiated solid ni-
trogen measured in the range of the D% transition at
the warm-up with a constant rate 3.2 K/min (so-called li-
near regime). The TSL yield shows a peak near 16 K and
wide shoulder between 20 and 30 K. In order to make
comparison with temperature behavior of pressure more
clear, we present 2D cut curves shown in Fig. 4 made per-
pendicular to the wavenumber axis. It indicates the tem-
perature dependence of the TSL at a chosen wavenumber,
that is of selected spectral line. Such a cut for 522 nm to-
gether with corresponding pressure curve is presented in
Fig. 5. Increase in the spectrally resolved TSL intensity
distinctly correlates the pressure enhancement and ALTpD
feature falls within the range of the TSL glow curve. Con-
sidering that the ionization potential 1 of N atom is
1 =14.53 eV that is lower than that of nitrogen molecule
(1=15.58 eV) [39] one could expect the formation of N
cations in irradiated solid nitrogen. N centers formed un-
der electron beam survive on completing irradiation. Upon
warm-up they are neutralized by detrapping electrons by
the reaction (1). Neutralization results in population of
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Fig. 5. Comparison of glow curve detected on the 2D — 48 atom-
ic transition and pressure behavior upon warm-up of the pre-
irradiated nitrogen film.
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highly excited states followed by relaxation to the %D state
and its decay with the a-line emission:

Nf+e” >N >N (CD)>N*S)+hv. (1)

Taking into account that strong molecular emissions
from solid nitrogen were observed in vacuum ultraviolet
VUV range [40-42] under excitation by an electron beam
we performed measurements of thermally stimulated lumi-
nescence in the range of strongest singlet—singlet transition
a’ 12; - Xlzg. The TSL was detected at wavelengths
corresponding transitions from zero vibrational level of the
a' 12; state to a number of vibrational levels of the
ground state xlzg . Figure 6 presents as an example TSL
glow curve recorded on the a’ lZJ(O) - xlzg (5) mole-
cular transition together with the pressure curve. At low
temperatures between 12 and 20 K the ALTpD curve fol-
lows the molecular emission indicating similarity of pro-
cesses underlying these phenomena. Peak at 27 K observed
in molecular TSL does not show itself neither in the pres-
sure curve nor in the TSEE yield (Fig. 1). The most pro-
bable reason could be the fact that TSL contains contribu-
tions from both bulk and surface centers while TSEE and
desorption characterize surface and subsurface layer. High-
temperature peak appears close to the temperature range
where deep layers of sample close to the sample—substrate
interface become available due to sublimation. The pres-
sure then drops sharply approaching the base value in the
chamber indicating the sample loss.

First of all it should be stressed that the VUV TSL is
observed on the molecular system with the dissociation
limit which is formed by two nitrogen atoms in excited
states: N(2D) + N(ZD) that exclude population of the
a' 12; state via atom—atom recombination at low tempera-
tures. Thus an appearing this molecular emission in TSL is
caused by neutralization reaction that needs to be ex-
plained. The TSL of this kind occurrence supposes loca-
lized character of positive charge carriers in solid nitrogen
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Fig. 6. Comparison of glow curve detected on the a’lza - xlzg
molecular transition and pressure behavior upon warm-up of the
pre-irradiated nitrogen film.
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that is in agreement with their low mobility [43]. Self-
trapping of holes by the reaction

Nz + Nz = (N2); @

similar to known in rare-gas solids [44] was suggested as
one of the mechanisms underlying desorption induced by
electronic transitions DIET from solid nitrogen [13]. The
energy release in the neutralization reaction of self-trapped
hole

(N,)57 +e” —>N§+N2 +AE 3)

was estimated as AE = 1-3.7 eV [13].

In contrast to DIET for post-desorption starting state of
(N,)3 for reaction (3) is vibrationally relaxed ground state
of Nj. Neutralization of Nj results in population of ex-
cited NZ molecular states. Relaxation could occur via
transition structures for fragmentation [45]. For singlet state
relaxation terminates in the lowest singlet excited state
a' 12[, which then decays radiatively. The energy release
in reaction (3) at =0 could be considered as a source of
energy needed for post-desorption. Further experiments
with measurements of partial desorption yields and deter-
mination of kinetic energies of desorbing particles are ne-
cessary to pinpoint in detail relaxation cascades.

Summary

The results of experiments on “post-desorption” from
the surface of a-phase solid nitrogen preliminary irradiated
by an electron beam are presented. Relaxation processes
were monitored using a combination of activation spec-
troscopy methods — spectrally resolved thermally stimu-
lated luminescence, thermally stimulated exoelectron emis-
sion — with measurement of the post-desorption yield. We
have found a correlation of TSL, TSEE and post-desorp-
tion yields from solid nitrogen previously subjected to an
electron beam. This suggests a relation between electron-
positively charged centers recombination and low-tempe-
rature desorption processes. Analysis of the yields correla-
tion enabled us to suggest a two-stage mechanism of the
ALTpD: (i) thermally assisted release of electrons from
their traps followed by (ii) charge recombination resulting
in an energy release followed by its conversion into the
kinetic energy of nitrogen particles and their ejection from
the surface.

The authors cordially thank Profs. Peter Feulner and
Roman Pedrys for helpful discussions. E.S., I.Kh. and S.U.
thank Deutsche Forschungsgemeinschaft for the travel
grant.
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