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Abstract—Using the density functional theory we find the
energy and the equilibrium density of the electron-hole liquid in
diamond films. The local density approximation is used to
account for exchange and correlation energy. In diamond films,
electron-hole liquid is multi-component and contains electrons,
and heavy, light, and spin-orbit split holes. The nonlinear Kohn-
Sham equations for electrons, and heavy, light, and spin-orbit
split holes are solved numerically. We find that wave functions of
electrons and holes strongly overlap, so the contribution of the
Coulomb interaction to the energy of electron-hole liquid is small.
The exchange-correlation potentials in the center of the quantum
well have a value of the order excitonic Rydberg. The energy of
electron-hole pair is calculated for (111) diamond films. It is well
known that in diamond crystals, the critical electron-hole liquid
temperature of 170 K is observed. We show that the critical
temperature of the electron-hole liquid in diamond films can
reach 260 K.

Keywords—diamond films, electron-hole liquid.

1. INTRODUCTION

It is well known that in many semiconductors, excitons
condense into an electron-hole liquid (EHL) [1]. The highest
critical EHL temperature of 170 K is observed in diamond
crystals [2, 3]. A review of the current state of research on the
properties of quasi-two-dimensional EHL is given in [4].
Recently, there have been reports of EHL formation in
quantum wells. Using the density functional theory, we have
developed a model that well explains the experimental results
for EHL in Si/SiO, and SiGe/Si quantum wells [5]. In this
work, we use the density functional theory to study the
properties of EHL in diamond films.

II.  TEORETICAL MODEL

To calculate the EHL energy, we use the model proposed
in [6]. In diamond films, EHL is multi-component and
contains electrons, and heavy, light, and spin-orbit split holes.
The total energy for an electron-hole system is written as

This work is supported by the Ministry of Science and Higher Education
of the Russian Federation (project No. 0721-2020-0048).

978-1-7281-2686-9/20/$31.00 ©2020 IEEE

E[ne,npp>nprsngol=Tolne 1+ Tpplnpn 1+ Thy g 1+ Tgolng, 1+
%IVC(Z)(”e(Z) —m(2)dz + Eyc[ng,m] +IU6(Z)ne(Z)dZ+

+IUhh(z)nhh(z)dz+IUh[(z)nh,(z)dz+J‘Uw(z)nso(z)dz S (1)

where T; is the kinetic energy (i = e, hh, hl, so); E. is the
electrostatic energy; U; is the external potential; E\. is the
exchange-correlation energy; n., nm, nw, and ny, are the
densities of electrons and heavy, light, and spin-orbit split
holes, respectively; and n, = np, + 1y + ngo.

In the exciton system of units, the Kohn-Sham equations
are given by

2
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where u is the reduced mass; Veyi(z) = 0i Ve(z) + Viei(2) + Ul2)
with d, = 1 and o = —1 for k = hh, hi, so; V(z) is the
electrostatic potential; and Vi.i(z) is the exchange-correlation
potential.

Electrostatic potential is:

V() =8x] (-, () )

Confinement potentials are given by

A,
U,

z|£d /2
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=0 > ar2

Q)

where d is the film thickness, Ac = Ay, = Ay = 0 and
Ay = 0.066.
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Exchange-correlation potentials are written as
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Here the following approximation formula is used for &y.:

1 a+br
g =———— - (6)
2c+dr +r

where 7, = (3/(4nn)'?, a = -4.83, b = -5.09, ¢ = 0.016, and
d=3.05.

When only the lowest subbands are occupied, the carrier
densities of are given by

n,(z) =Ny (2),
N, v, (2),
N, (2),
n,(z2)=N,y. (2)

()=
! )

n,(z)=

where N., Ny, N, Ny, are the two-dimensional densities of the
charge carrier.

The energy per electron—hole pair is:

E,= —E —E,+E/N. (8)

eh

The hole densities are determined from equations:

III.  RESULTS

The nonlinear Schrodinger equations (2) are solved
numerically. We assume for simplicity that U, = Uy, = Uy =
=Uy,="U.

Calculations have shown that the lowest energy of EHL is
achieved in (111)-oriented diamond films. For this film, we
use the following parameters: g. = 6, m.. = 0.46mo, my, =
= 0.56WIO, mzph = 0.57m0, Mmdanh = 0.57m0, mzp = 0.32m0, Mman =
=0.32mo, Mm=5 = 0.39mo, Mmaso = 0.39mo, and As, = 0.066 my
(myo is free electron mass).

Fig. 1 shows the potentials and wave functions for a
quantum well with d = 1 and U =1. For these values, the
equilibrium density is N = 0.92. In our chosen model, the
effective potentials of light and heavy holes coincide. One can
see that the wave functions of electrons and holes strongly
overlap, so the contribution of the Coulomb interaction to the
energy of EHL is small (about 1 percent). From the results
presented in Fig. 1, one can see that the exchange-correlation
potentials in the center of the quantum well have a value of the
order Ry,.

09 | 15

08 |

E 1.0

el .

06 | 05
. 05 | f s
s 100 €
2_04 ¥ 1 %
s | ! 3

03 | 05

02 |

I -1.0

0.1 f |

00 ! 15

] -4 -2 0 2 4 6

Fig. 1. Potentials and wavefunctions for electrons and holes. U=1,d =1, N,
=0.92 N =0.43, Ny = 0.25,and N,, = 0. 24. 1 — WYe, 2- Whhs 3- Whi, 4-— WYsos
5- Vej,ea 6— Ve/],’hha 7 Ve/fso; 8~ Vc-

Fig. 2 shows the energy as function of the density for a
quantum well with a width ¢ = 1. The minimum energy is
achieved at N = 1.1, with Ny, = 0.72, Ny = 0.26, and
Ns,=~0.12. We see that the energy can drop to as low as
Eg=-2.37. This energy is significantly less than the energy of
a three-dimensional EHL [3]. The critical temperature of EHL
may be described by an empirical relationship 7, = 0.1 |Egl/ks.
Using this relationship for diamond films, we obtain

N,=N,+N,+N, =N, O 12560k
2n 21 2n
hh +ﬂ Ehl + HNM = Esn +ﬂ (10)
d,hh md,hz md s0
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Fig. 2. The energy per electron-hole pair as function of the density for (111)
diamond films. U=20,d=1.

IV. CONCLUSION

In summary, numerical results have been obtained for the
energy and equilibrium density of EHL in diamond films. We
have shown that the critical temperature of EHL in (111)
diamond films can reach 260 K.
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