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THE TEMPERATURE DEPENDENCE OF THE BAND GAP Si
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With the help of mathematical modeling of the thermal broadening of the energy levels studied the
temperature dependence of the band gap semiconductors. In view of the temperature dependence of
the effective mass of the density of states obtained graphs temperature dependence of the band gap.
Investigated the effect of changes in the effective mass of charge carriers on the temperature de-
pendence of the band gap semiconductors. The theoretical results of mathematical modeling are
compared with experimental data for Si. The theoretical results satisfactorily explain the experimental
results for Si.
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O TEMIIEPATYPHOM 3ABUCUMOCTH IINAPUHBI 3ANTPEIIIEHHOM 30HBI Si
I. 'ynamos, Y.U. Jpkadoes, H.IO. lllapudaen

C moMo1IIpI0 MaTeMaTHYECKOT0 MOJIETMPOBAHUS IPOIIECCa TEPMUYECKOTO YITUPEHHS SHEPTeTHUECKUX
YPOBHEM HCCIIEI0BAHA TEMIIEPATypHAs 3aBUCUMOCTb HIMPUHBI 3AIIPEILEHHOMN 30HbI IOITYIIPOBOJHHUKOB.
C ydyeroMm TemrepaTypHOH 3aBUCUMOCTH 3()(HEKTUBHON MAacChl INIOTHOCTH COCTOSIHUH MOTyYEeHBI
rpaduky TemMrnepaTypHOW 3aBUCHMOCTH IIMPHUHBI 3alpelleHHoi 30Hbl. VccnenoBaHo BiIHMsSHHE
n3MeHeHus1 () (HEeKTUBHONH MacChl HOCUTEINEH 3apsiIoB Ha TEMIIEPAaTypHYIO 3aBHCHUMOCTh ITHPUHBI
3apelIeHHON 30HbI B [TOJIYIIPOBOIHUKAX. TeopeTnyeckue pe3ybTarbl MaTeMaTH4eCKOIO MOJIEIUPO-
BaHUS CPAaBHUBAIOTCS C DKCIIEPUMEHTAIBHBIMUA JaHHBIMH sl Si. Pe3ynbrarel Teopun yaoBieT-
BOPUTEIILHO OOBSCHSIOT KCIIEPUMEHTAIBHBIE PEe3YIbTaThl st Si.

KaroueBble ciioBa: mupuHa 3anpenieHHON 30HBI, YQQeKTHBHAS Macca MIIOTHOCTH COCTOSHHIA,
SHEPreTHUYECKUI CIIEKTP, YUCIEHHBIM SKCIIEPUMEHT U MOJCITUPOBAHHUE.

PO TEMIIEPATYPHY 3AJIEXXHICTH IIUPUHU 3ABOPOHEHOI 30HM Si

I. T'yasimos, V.I. €pkadoes, H.IO. llapidoaes
3a 10TIOMOT0I0 MATEMaTHYHOTO MOJISITIOBAHHS MPOILECY TEPMIYHOTO PO3MINPEHHS CHEPreTHIHUX
PIBHIB JIOCII)KEHA TEMIIEpaTypHa 3aJIe)KHICTh MTUPUHN 3a00pOHEHOI 30HU HaliBIPOBITHUKIB. 3
ypaxyBaHHSM TEMIIEPaTypHOi 3aJeKHOCTI e(heKTHBHOI Macu TYCTHHH CTaHIB OTpuUMaHi rpadiku
TEMIIEPaTypPHOT 3JISKHOCTI IMPUHU 3a00pOHEHOT 30HH. [I0CITiPKEHO BIUIMB 3MiHIOBaHHS €PEKTHBHOT
MacH HOCIiB 3apsIiB Ha TEMITepaTypHY 3aJIeKHICTh ITUPUHHU 3200pOHEHOT 30HH B HAITIBIPOBIAHUKAX.
TeopeTnuHi pe3ynbTaTH MaTeMaTHYHOTO MOJICIIOBAHHS MOPIBHIOIOTHCS 3 €KCHEPHUMEHTAIBHUMH
naHuMH Juta Si. Pesynerarn Teopii 3a0BUTEHO TTOSICHIOIOTE €KCIIEPUMEHTAJIbHI Pe3yIbTaTh IS Si.
Kutro4oBi ciioBa: mmprHa 3a00poHEHOT 30HH, epEeKTHBHA Maca T'YCTHHH CTaHIB, GHEPITETHYHHI CIIEKTP,
YHUCENFHUN eKCIIEPHMEHT 1 MOJICTTFOBAHHS.

INTRODUCTION

In [1 — 5] the temperature dependence of the density
of states determined by relaxation spectroscopy of
energy levels in semiconductors. It is shown that the
surface state density is temperature dependent. The
technique of determining the density of surface states.
It is shown that due to the thermal broadening of the
levels, the discrete spectrum with hanging tempe-
rature becomes a continuous energy spectrum. With

the expansion of the energy spectrum of the density
of states GN derivative function of the probability
of energy required energy levels, it was shown that
the magnitude of energy gap is temperature depen-
dent. The temperature dependence of the band gap
is determined by the temperature dependence of the
density of the energy state of the conduction band
and valence band of the semiconductor. Due to the
thermal broadening of the density of states near the
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bottom of the conduction band and valence band is
reduced band gap. In the calculation of the tempe-
rature dependence of the forbidden assumed for
simplicity that the density of states in the areas of
constant edge of the conduction band and valence
band are sharp and have a stepped shape. In these
studies it was assumed that the effective mass of the
density of states does not depend on the tempera-
ture. However, as shown by experiments [6], the
effective mass of the density of states depends on
the temperature. These changes are effective mass
changes the temperature dependence of the band-
gap.

However, in the real state of the semiconductor
density is a function of speed and energy band
structure of the sample is determined. Moreover,
the density of states is so general that it can be used
even when there is no Brillouin zone and sharp
boundaries of permitted and prohibited zones [7,
8].

Thus, for analysis of experimental results for
comparison between theory and experiment is
necessary to consider the specific form of the band
structure of the semiconductor and the dependence
of the effective mass of the charge carriers of the
temperature.

The aim of'this work is to study the temperature
dependence of the band gap semiconductor with
the band structure and temperature dependence of
the effective mass of carriers and comparison of
theory with experiment.

THE TEMPERATURE DEPENDENCE OF
THE DENSITY OF STATES

In determining the band gap values ofthe density
of states corresponding to the energy band gap
edges £ and E denote by N, the temperature de-
pendence of the density of states can be studied by
expanding the density of states in a series of GME,
E, T)-functions of the derivative of the ionization
energy of discrete states. The expansion has the
following form: [1 —5]

N, (E.T)= Y. N(E)GN(E.ET). (1)

This is derived in turn from the integral expression:

N(E,T)= jN(E)p(EO,E,T)dE @)

MN(E;, T) — the number of electrons generated from
quantum states with energy less than £, with a con-
tinuous distribution in energy levels. We apply this
method of expansion for the density of states in the
conduction band of the semiconductor. For a qua-
dratic dispersion law for the density of states of the
conduction band is given by [9]

. 2\32
N(E)=N,,JE-E,, N, =4n(2m, /n*) "
3)

Similarly, for the valence band

N(E)=N,,JE, =E, N, =4n(2m’ /1?)".
“
As in the theory of non-crystalline semicon-
ductors [7, 8] to determine the allowed and for-
bidden energy bands, we use the concept of density
of states. Formulation (3) and (4) into (2) we obtain
amodel that describes the temperature dependence
of' the density of states near the band edges. With
this in mind, we expand N (E, T) in a series of
GN(E,, E, T)-functions. In the following form:
for the conduction band:

N, (ET)= iNnO E —E.GN(E,E,T)AE
i=1

at E>E | %)
for the valence band:
N, (E.T)=>.N,.JE, —E,GN(E,E,T)AE
i=1
at E>E; (6)
for the gap:
N(E)=0at E>E>E, AE=1/n.  (7)

The values of the density of states corresponding
to the energy band gap edges £ and £ is denoted
by N,. Then the energy position of the edges of the
gap are determined by solving the following tran-
scendental equations

Zn:NM(Ei)GN(Ei,E,T)AE =N,,
i=1

iNSp(Ei)GN(Ei,E,T)AE =N, (8)

where AE = 1/n.

The solution of equation (8) determines the values
ata given border gap £ (7) and E (T), as a function
of temperature 7. N, parameter of the problem and
is determined experimentally. Then the band gap
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E (T) at a given temperature is defined as the dif-
ference between the values of £ (T) and £ (7) (9).
Here E (T) energy of the bottom of the conduction
band, E (T) — the energy of the valence band. It
follows that the method of determining the accuracy
of the experiment and the important factors in de-
termining the width of the gap. Indeed the band gap,
determined by optical methods — “optical width” of
the band gap can not match the value of the band
gap, determined by the temperature dependence of
the resistance of the semiconductor. One of the rea-
sons is that different values for N, optical and elect-
rical measuring techniques.

THE TEMPERATURE DEPENDENCE OF
THE BAND GAPAND TO COMPARE
THEORY WITH EXPERIMENT
In [6] established that the Si effective mass density
of states depends on the temperature. Fig. 1 shows
the temperature dependence of the effective mass
of the density of states in Si m/m, from [6]. Using
the data of fig. 1 using the model calculated the chan-
ge in the band gap as a function of temperature.
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Fig. 1. The temperature dependence of the effective mass
of the density of states in m/m, Si. [6]. ¢ —experiment [6];
— calculations for m" =m(T), m*p =m(T); — — calculations
for m" = const; m*p = const.

Fig. 2 shows plots of the temperature depen-
dence of the band gap of Si for the changes in the
effective mass of the density of states taken from
fig. 1 [6]. Fig. 2 shows that taking into account the
temperature dependence of the effective mass
significantly affect the results of the calculations.

Fig. 2 shows the results of the broken linear
calculations and taking into account the temperature
dependence of the electron effective mass. The same
figure shows the theoretical linear continuous
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Fig. 2. Schedule - the temperature dependence of the band
gap for Si. ¢ — experiment [6]; —— calculations for
m’ = m(T), m*p =m(T); — — calculations for m", = const;

*
m = const.
P

temperature dependence of the band gap, taking
into account the change in the effective mass of the
electron and hole in the temperature range (0 K —
500 K). Experimental results for silicon taken from
[6] are represented by dots. As can be seen from
fig. 2 records the temperature dependence of the
effective mass of electrons and holes are properly
explain the temperature dependence of the band gap
of silicon in the given temperature range. Thus,
changes in the effective mass of the density of states
with temperature can greatly affect the temperature
dependence of the bandgap.

CONCLUSION

In this temperature range (0 K; 500 K) mathematical
modeling of the temperature dependence of the band
gap 1is satisfactorily described by a parabolic
dispersion law. Experimental results of changing
bandgap silicon [6] within the precision of the
measurements with the theoretical calculations.
Comparison of theory and experiment shows that
the thermal broadening of the energy levels described
by a GN-function satisfactorily describes the process
of the temperature dependence of the band gap in
Si. The temperature dependence of the energy
spectrum of the density of states of semiconductors,
taking into account the temperature dependence of
the effective mass of the density of states. The
temperature dependence of the band gap for the
changes in the effective mass of the density of states.
With the help of numerical experiments show that at
temperatures 7> 50 K change in the effective mass
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