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DEFINITIONS OF LOCALIZED ENERGY STATES ON THE QUASI-FERMI LEVEL
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Studies of the generation-recombination process of electrons from the filled localized surface states
at the time of their lives. The applicability of the derivative of the Dirac distribution as &-function at
low temperatures in order to study the temperature dependence of the spectrum of the density of sur-
face states. To improve the accuracy of the results in the paper, a method of discrete states spectroscopy
on quasi-Fermi level with the changing times.
Keywords: low temperature localized state spectroscopy of discrete states, increasing the accuracy
of the results, the discrete spectrum of the density of states.

ONPEJEJIEHUE JIOKAJMU30BAHHBIX SHEPTETUUYECKHX COCTOSHHUI MO
KBA3BUYPOBHAM ®EPMU C UBMEHEHUEM BPEMEHHU
I. T'yasmos, H.IO. lllapubaen, Y.U. Dpkadoen

HUccnenoBan reHepalinOHHO-PEKOMOMHAIIMOHHBIH MTPOIECC JICKTPOHOB U3 3aMI0JTHEHHBIX JIOKAIN30-
BaHHBIX TIOBEPXHOCTHBIX COCTOSIHUM O MX BpeMEHH *U3HH. [lokazaHa MpUMEHUMOCTh TPOU3BOTHOM
¢bynkiuu pactpenenenus Jupaka kak O-QpyHKINU OPU HU3KUX TEMIIEpaTypax JUls HCCIICA0BaHUS
TeMIIepaTypHON 3aBUCUMOCTH CIIEKTPa IUIOTHOCTH MOBEPXHOCTHBIX COCTOSTHUMN. C EIbIO MTOBBIIEHUS
TOYHOCTH TMOITy4YaeMbIX Pe3yIbTaToB B paboTe NMPEeAIokKeH METO/ CIEKTPOCKOINH AUCKPETHBIX COC-
TOSIHUH 110 KBa3nypOoBHIM DepMU ¢ U3BMEHEHUEM BPEMEHH.

Ki1roueBble cj10Ba: HU3KOTEMIIEpaTypHOE JIOKATU30BAaHHOE COCTOSHUE, CTIEKTPOCKOTIHNS JUCKPETHBIX
COCTOSTHU, TIOBBIIIEHNE TOYHOCTH PE3yJIbTaToOB, AMCKPETHBIN CIIEKTP MIOTHOCTH COCTOSIHUIA.

BU3HAYEHHS JIOKAJII3OBAHUX EHEPTETUYHUX CTAHIB 3A
KBA3IPIBHAMMU ®EPMI 31 3SMIHIOBAHHSAM YACY

I'. T'ynamos, H.FIO. Illapidaes, Y.I. EpkaGoes
JocmimpkeHo reHepaniftHo-peKoMOTHAIII THII TPOTIeC eIEKTPOHIB i3 3aIIOBHEHUX JIOKATI30BaHUX T10-
BEPXHEBHX CTaHIB 3a 4acoM ixX kuTTs. [lokazaHo 3acTocoBHICT MoXinHOI PyHKIT po3noniny [ipaka
siK O-(DYHKIIIT 32 HU3BKHX TEMIIEPATYP TSl TOCIIDKSHHS TEMITepaTypHOT 3aJIeKHOCTI CIIEKTPY T'yCTHHU
ITOBEPXHEBHX CTaHIB. 3 METOIO MiIBUIIIEHHS TOYHOCTI O/IEPIKAHNX PE3YIBTATIiB y pOOOTI 3aIIPONIOHOBAHO
METOJI CIIEKTPOCKOTIii IUCKPETHUX CTaHIB 3a KBa3ipiBHAMU Depmi 31 3MIHIOBAaHHSIM UacCy.
Ku11040Bi cj10Ba: HU3pKOTEMIIEPATYPHUH JIOKATi30BaHUH CTaH, CHEKTPOCKOIISI IUCKPETHUX CTAHIB,
I IBUIIIEHHS TOYHOCTI PE3yAbTaTiB, JUCKPETHUH CIIEKTP IIITPHOCTI CTaHIB.

INTRODUCTION (£) =1-exp| -

Standard relaxation spectroscopy density of surface ~ Where PLE)=1=¢exp 1 [4] T - the electron
states is based on the generation of thermal electrons,
which can be easily observed only at high
temperatures. This and the limited resolution of the T ( E.T t) =1, exp ( ki j .

lifetime in the place he used the relation

method. To improve the resolution of the used 2)
method of expanding the range of density of surface As aresult. it was found that when
states in a row, the derivative of the ionization of an ’
electron from the surface level of energy [1 — 3]. % = 5( E - Eo) 3)
0
Nss ( ) Z Nss.(E ) (E t) (1) The resulting delta function is asymmetric, so in
(T t) this situation, it took into account the additional

requirements [5].
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The purpose of this paper to show the suitability
of'the derivative of the Fermi-Dirac distribution for
quasi-Fermi level from time to time as a delta func-
tion for the discrete spectrum of the density of surface
states and thus increase the resolution of the method.

QUASI-FERMI TIME

The density of surface states can be determined from
the loss of charge in a charge-coupled device [1,
2]. Attime ¢ =0 from the surface layer completely
go all the free electrons. After starting generation of
thermal trapped electrons. Given the statistics of the
Shockley-Read-Hall process can be described as
follows [1, 2, 4]:

and p(t, 1) =1 — exp(-t/1), 4)
where T=1YN, (5)
electron lifetime. Equation (4) can be represented
as follows:

of)=1-eo| oy TRATOLG)

kT

If we consider that in this process each time the
surface layer is cleaned from the released electrons
generated from the traps, the changes over time
energy of the Fermi level £, In the future, this value
depends on the time tis denoted as the quasi-Fermi
level.

We introduce the notation:

E_ = kTIn(T) (7)
electron energy of the lifetime T and
E, = kTIn(t) (8)

quasi-Fermi energy by the time 7.
Considering (7) and (8) may be (6) in the form:

p(E E) 1 —exp| —ex Ey =
fi> p 4 —r . (9

One can easily imagine the derivative p(£
onk, asa delta functionat 7 - 0

' ED)

ap( /[ b '[)
. =OERE). a0
SPECTROSCOPY OF QUASI-FERMI
CHANGE IN TIME

The distributions function of the Fermi-Dirac
distribution for the generation of electrons:

f=|exp By, )
kT

(11)

step function is known energy [6]. It is also known
that the derivative of the energy function of speed is
the Dirac delta function (see fig. 1)in 7 - 0[6]. In
this case, the delta function is as follows:

el o EaE E,-
=—=cX - €X _—
iR\ T Plr

Sl

(12)
The resulting function (12) we substitute in (1)
and get:

Nss( ) ZNSS(E)—eXp(ﬂjx
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Fig. 1. The derivative of a step function at the Fermi-Dirac
distribution of energy at different temperatures.

If we imagine that the quasi-Fermi £, level
changes throughout the segment gap in each relevant
electron energy £ generated from the trap life time
T, we geta peak delta function. Scanning energy £,
for each specific temperature, perhaps because it is
theoretically possible to set the appropriate time T
ELLE, E] Fig. 2 shows a range where the
shaded area are 10 discrete levels at different
temperatures. It is easy to notice that for the discrete
spectrum as in [1 —4], we can use the derivative of
the Fermi-Dirac distribution on £, a delta function.

TEMPERATURE DEPENDENCE OF THE
DENSITY OF SURFACE STATES AND
DISCRETE SPECTRA

We turn to the treatment of the density of surface
states. Fig. 3 shows the density of surface states of
[7], which shows the graphs of experimental and
theoretical fitting the density of states N_(E, T)
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Fig. 2. The spectrum of the density of surface states at
different temperatures.

obtained by the decomposition of the experimental
curve in a series of functions (12).

Analysis of fig. 3 N (E, T) shows that the
experimental plot at 7=300 K is easily decomposed
into a series of functions (12). Fig. 4 is a graph
theoretical model density of states that for 7=15 K.
From these figures one can see that even at a low
temperature in the graph clearly distinguish the
individual peaks.
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Fig. 3. Experimental [7] and the model spectrum density
of surface states at 7= 300 K.

When the temperature tends to zero, these peaks
are transformed into discrete levels, and the
continuous line N_(E, T) in the discrete energy
spectrum (see fig. 4). These changes N (E, T) are
due to the fact that the temperature is lowered by
reducing the thermal broadening of the energy levels
(12) becomes the Dirac delta function &£ - E, ).

Based on the study, it can be concluded that the
experimental continuous spectrum density of surface
states N (E, T) at a certain high temperature
relaxation method at low temperatures becomes a
discrete energy spectrum. Such a strong temperature
dependence of the density of surface states due to
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Fig. 4. Model discrete spectrum of the density of surface
states at 7'=5 K.

the fact that the derivative of the Fermi-Dirac
distribution becomes a Dirac delta function.

The present method of determining the density
of the surface low-temperature conditions increases
the resolution of the transient spectroscopy and
surface levels of relaxation techniques used to
measure the energy spectrum of the density of states.

CONCLUSION

According to the study of surface electrons recharge
levels in their lifetime based on the principle of CCD
determined that the derivative of the ionization energy
of the electron is a r-function at 7 — 0. The
applicability of the derivative of the Dirac distribution
function of the energy of the quasi-Fermi level with
the time change as a &-function at low temperatures
in order to study the temperature dependence of
the spectrum of the density of surface states. This
was possible because the derivative of a step function
is a O-function. We propose a method of
spectroscopy of discrete states by quasi-Fermi level
with the change of time to improve the accuracy of
the results.
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