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1. Introduction s jmev | roa ] ]

As is known during the heterostructure growth the background impurity is introduced in their ]
content. The ionization of such an impurity can affect essentially the optical and
electrophysical properties of the heterostructure and the entire device. Our work is devoted
to the theoretical study of the influence of the background impurity to the redistribution of
carriers within QW and consequent changes of energy spectrum and impurity ionization energy
of the n-type Sio.sGeo.2/Si/SiosGeo QWs delta-doped by Phosphorus in the center and in the 0] o] 0]
edge of the well. Calculations were performed for the temperatures T=4, 77, 300K. The background
impurity concentration Ny has been taken as 10'** cm3, 10'® cm™3, u 10'7 cm. It should be noted

that even at low temperature there are free electrons inside the QW (and positive ions at the a)
barriers). With increasing of temperature is switched ionization of the impurity delta-layer. As a “©71E, Np=1017 em™3 °1E 3 e
result we observe the “competition” of two sources of free carriers: delta layer inside the QW and ofmeyv | TE300K » . ®

background impurity at barriers. Thus we have a distortion of the energy profile of QW with a new
set of space-quantized energy levels and accordingly with a new impurity binding energy. Therefore
\_the aim of the work is to present our results of the investigation of this phenomenon. ).
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2. Comments on the chosen object =
We study SiosGeo2/Si/SiosGeo2 QW structures with infinitely wide barriers in both sides. -
Phosphorus &-doping layer is positioned inside the well near either center or edge of QW. 6
Calculations were performed for width of QW (L=20nm), concentration of the impurity delta-layer
(N=1.2x10*2 cm™), concentrations of background impurity (N,=10'7, 10'¢, 10*> cm?) and o,
temperatures (T=4, 77, 300K). 2qmeV
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b) FIG. 3 Energy profile - solid black lines, 1-st space quantization levels and their wave functions
i Si _ . _ - dashed and dot-dashed blue lines, respectively, ground impurity states-solid red lines (a-c -

FIG.1 SiosGeo.»/Si/SiosGeo. QW structure, a) - center-doped QW, b) - edge-doped QW. A " . .
L i0.8G€0.2/Si/Sio.sGeo2 Q ructure, a) r-doped Q ) 9 ped Q /| center- and edge-doped QWs; ground impurity states for center-doped QWs - solid red lines,
- ~ | ground impurity states for edge-doped QWs - dashed red lines) for Sio.sGeo.2/Si QW, L = 20 nm,
3 . MethOd T=4K (a-c) and 300K (d-i), delta-doped at the center (a-f) and at the edge of the QW (a-c and g-

i).
Our calculations are performed in the effective mass approximation. To simplify the Hamiltonian of

the problem, some assumptions have been made. They are single impurity approach, neglecting | | TABLE 2. Positions of first five space quantized energy levels (Ei, meV), Sio.sGeo.2/Si/Sio.sGeo., QW
exchange and correlation interaction and others, more details described in the work [3]. Positions | | stryctures. Zero of energy is at the bottom of the conduction band for z—%oo (shown at the fig. 2).
of the energy subbands as well as IBE for different temperatures was found from self-consistent

solution of Schrodinger, Poisson, and electroneutrality equations. All calculations were carried out N» =107cm™3 (Center-Doped QWs) (Edge-Doped QWs)
iteratively. At each stage the Hartree potential formed by the ionized impurity delta layer and T=4K T=77K T=300K T=4K T=77K T=300K
electrons in the QW was allowed for within the self-consistent solution of the equations of electrical Ei;, meV -21.7 -28.3 -84.2 -21.7 -28.9 -99.5
neutrality and Poisson. E., meV -21.6 -28.2 -78.2 -21.6 271 721
In the first step to calculate the Hartree potential we used the value of the ionization energy of Es, meV -10.4 -18.1 -75.8 -10.4 -16.5 -54.2
delta-layer impurity calculated for QW without the background impurity in the work [2]. Then the
. X X A L A N N . Es, meV -6.3 -13.5 -69.0 -6.3 -12.5 -48.9
Schrodinger equation with the Hamiltonian including Hartree’s potential was solved to find the size- v
quantization levels and wave functions of the carriers in the QW. Values of energies of the Es, meVv 1.8 5.6 ~60.8 18 4.3 -42.5
subbands and wave functions were used to calculate the impurity ionization energy by the Vinter
method [1]. The obtained value of the binding energy and the rate of ionization of the background Ny =10%cm® (Center-Doped QWs) (Edge-Doped QWs)
impurity were used to refine the Hartree potential, position of size-quantization levels and wave T=4K T=77K T=300K T=4K T=77K T=300K
functions during the next iteration. Calculations finished when the ionization energy values obtained E:;, meV -20.8 -30.4 -137.4 -20.8 -32.5 -148.5
\_ for the successive iterations do not differ by more than 0.1 meV. ) E., meV -19.6 28.8 1126.1 -19.6 -26.8 1122.7
V. R Es;, meV -14.5 -24.2 -120.4 -14.5 -23.4 -104.4
4- ReSUItS Es, meV -8.0 -17.5 -114.0 -8.0 -16.9 -91.2
TABLE 1. Positions of Fermi level (Er, meV), impurity binding energy of A-layer donors (Es, meV) Es, mev 04 o1 -106.1 0.4 86 827
of Sio.sGeo.2/Si/Sio.sGeo.. QW structures. Now (ecm3) - concentration of free electrons inside the - -
QW. Width of QW (L=20nm), concentration of the impurity delta-layer (N=1.2%10'2 cm<), N, =10%cm-? (Center-Doped QWs) (Edge-Doped QWs)
concentrations of background impurity (N,=10'7, 10%*, 10'° cm™) and temperatures (T=4, 77, T=4K T=77K T =300K T=4K T=77K T=300K
300K). Zero of energy is at the bottom of the conduction band for z—+c (shown at the fig. 2). E:, meV -20.3 -38.4 -194.3 -20.3 -41.6 -204.8
Er, Es counted from the first space quantized energy level. E2 meV 218.0 -35.3 -181.9 -18.0 234.3 -178.9
N, =10%7cm-? (Center-Doped QWs) (Edge-Doped QWs) E3, meV -13.3 -30.9 -175.0 -13.3 -30.0 -160.1
o T=4K T=77K T =300K T=4K T=77K T=300K Es, meV -6.7 -24.2 -168.1 -6.7 -23.8 -145.7
Now, cm’? 8.7%10" 9.5%10" 1.5%¥102 | 8.7%10"  9.0%10" 1.3%10% Es, meV 1.9 -15.7 -160.1 1.9 -15.5 -135.0
E, meV -19.0 -34.0 -146.1 -19.0 -34.0 -146.1 N 4
Es, meV -17.8 -19.5 -32.4 -27.2 -27.5 -32.4 ( H )
. 5. Conclusions
63 (Center-Doped QWs) (Edge-Doped QWSs)
N, =10%°cm T=4K T=77K T=300K T=4K T=77K T =300K 1. The obtained results for the low concentration of the background impurity confirmed the data
— T T YT T e el of the work [2] as to general behavior of the impurity binding energies with temperature. Namely,
Now, cm 2.9710 3.6710 9.9%10 2.9710 3.7%10 8.6%10 the temperature increase from 4 to 300 K does not influence it much for the center-doped impurity
E;, meV -19.4 -43.3 -205.0 -19.4 -43.3 -205.0 delta-layer and that influence is quite a big for the edge-doped QW.
Es, meV -26.9 -27.8 -33.4 -21.5 -24.2 -31.7 2. The dependencies of impurity binding energy on impurity concentration in barriers are
different for edge-, and center-doped layers. For the first one it decreases with concentration of
N, =10%cm- (Center-Doped QWs) (Edge-Doped QWs) background impurities and for the second case - it increases.
° T=4K T=77K T=300K T=4K T=77K T=300K This effect is more developed at the case of low temperature (pic. 3 a-c). With decreasing of the
Now, cm™ 9.4%100 1.8%101 8.4%100 9.4%101 2.2%100 7.5%100 conce_ntra_tion of thg background impurity, the localization of free electrons at the first space
E v 198 55.3 -264.5 198 55.3 -264.5 quantization level shifts to the center of the QW (see changes of the shape of the correspond wave
v me : : . : . y function). Thus at the case of the center-delta-doping the Coulomb repulsion between free
Es, meV -28.5 -29.4 -33.7 -18.5 -23.6 -31.6 electrons and electrons in the impurity increases. Consequently, the impurity binding energy is
_&-layer increase. At the case of the edge-delta-doping the Coulomb repulsion decreases. Consequently, the

Z Z;

impurity binding energy is decrease.

s As shown at the table 2, with changing of the temperature and of the concentration of the
background impurity, the difference between first quantization levels changes too. This effect is
reflected on optical properties of heterostructure and can be used at the design of optical devises

\.on the base of delta-doped QWs.
temperature ionization of the impurity delta-layer f

inside the well and ionization of the background 6. therature CIted

impurity at the barriers. This sketch allows to — 1. B. Vinter, Phys. Rev. B 26, 6808 (1982).

FIG. 2 Schematic view of the center doped QW with
the background impurity at the barriers.

At the fig. 2 is shown distortion of the shape of the
conductivity band bottom of the QW, due to the

E, ngev

understand our choice of zero of energy of the next Es 2. V. Tulupenko, A. Abramov, Ya. Belichenko, V. Akimov, T. Bogdanova, V. Poroshin, and

figures, namely, zero of energy corresponds to the O. Fomina. J. Appl. Phys. 109, 064303 (2011).

bottom of the conduction band, when z»+c0. [T 7T—TTTTTTT7=7—™ Ef 3. V. Tulupenko, C. A. Duque, R. Demediuk, Ya. Belichenko, C. M. Duque, V. Akimov, V. Poroshin,
I ; [IERE ) \.and 0. Fomina. Philosophical Magazine Letters 93,42 (2013). 3
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