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Many-body carrier interaction effects in quantum wells
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Many-body carrier interaction effects shift the ground- and excited-state subband energy levels of quantum
wells. We derive carrier-carrier Coulomb exchange and direct interaction energies as a function of carrier
density, quantum well composition, and well width. For values of these parameters of physical interest, the
excited-state exchange energy is small compared to the ground-state exchange energy. Our expressions for the
ground- and excited-state direct interactions yield considerably smaller energy values than those reported by
previous investigators. This is due to the fact that in our derivations we differentiate between quantum well
width, carrier doping width, and ground- and excited-state wave function effective confinement lengths. Direct
interaction energies increase linearly with carrier density, and for large carrier densities substantially negate
exchange interaction effects. We illustrate carrier-carrier interaction effects for the heavy-hole subband of
electrically neutralp-type, isolated strained-layer @&, ,/Si quantum wells|S0163-18287)05608-7

I. INTRODUCTION erable effects of the confinement lengtts}, and EX,
increase linearly with carrier density, and for large carrier
In a series of publications, Coon and co-workers evaludensities(Eg;,—Eg;) may substantially negateg, .

ated many-body interaction effects on ground- and excited- In this investigation we follow and extend the formalism

state energy levels of doped quantum w&lfsSpecifically, ~outlined by Coonet al, and deriveEJ, based on the com-

they evaluated the Coulomb direct and exchange interactioplete power series expansion of the exponential. The specific

energies. Direct interaction energies are positive and raisformat of our series solution is more convenient to apply,

E(hh,) andE(hhy,), the heavy-hole ground- and excited-statea”d we obtain identical numerical results. Similarly, we de-

l . . .
energies in the absence of interaction, to higher energies. TH&® E.x based on the fully expanded exponential. We find, in

exchange energie are negatve and st andE(nny  SOrCSTent i Coon and cowerkers, s smal con.
to lower energies. The net carrier density induced energ ex: y P ' ping

hift., AE(co), is a bal bet th i d idth is smaller than the quantum well width. In our deriva-
fiv:e :shiftsCC' IS a balance between these positive and Negg;q g \ye distinguish between quantum well width, doping

In Refs. 1 and 2. Bandara and Coon formulate HartreeWidth’ and ground- and excited-state wave function confine-
» ’ X . ment lengths. We find that by appropriately applying these
Fock equations for Coulomb direct and exchange interac gins I y 8ppropriaiely appying

. d solve for th 4- and ited di different lengths, our equations for the direct interaction
tions, and solve for the groun o an 1 ex0|0te -statel Irect anfhechanism yield considerably smallef, and E}, values
exchange interaction energiésy;,, Egi;, Ecx, andEg,, re-

valv. In derivings?. th i il than the ones derived by the previous investigators. Our
spectively. In derivingee, they ap.promlmate an exponentia equations reduce to earlier results if all lengths are taken to
by the first two terms, and in deriving;, they approximate

. ! Lo : be identical. We illustrate our carrier density results for the
an exponential by the first nonvanishing term of its powerjea\y hole subband of electrically neutrphype, isolated
series expansion. It is claimed that in this approximatign

) : strained-layer, $i ,Ge/Si quantum wells.
is small compared t&2,. However, for an electrically neu- ver. SL,Ge/Sia

tral doped quantum well, they show tt§/E g =3, so tran- Il. EXCHANGE INTERACTION
sition energy calculations do have to consider the upper-state o )
direct interaction energy. The Coulomb exchange potent¥é], of a carrier in state

In Ref. 3, Choeet al. derive EJ,, but notEL,, based on due to carriers in all possible statpsRef. 1, is

the complete series expansion of the exponential. The au- e 1

thors also note that the length to be used calculaffifligis Viex(r): — 2 f ar’ ——— llff(f')llfi(r'), )
the confinement length/, the length at which the ground- 4me 7] r=r’|

state wave function of the quantum well extrapolates to zer@nd the exchange interaction energy is

inothe barrier region. However, the authors did not correct

Egi for L. In Ref. 4, Choeet al. refine the mathematics of [ __ J * [ _

Ref. 3. In Ref. 5, a review paper, the authors formulate in- Eedr)=—e | dryi(NVedn)¥;(r)

teraction effects based on derivations of Refs. 1 and 2. Ref- o2 1

erence 6 is the Ph.D. thesis of Bandara. Thus, in their treat- = > f drf dr’ — Y (r ) (")
ment of many-body interactions, exchange and direct Ame 7 [r—r'| ™

Coulomb interaction effects are not treated in a systematic %

manner. One missing elementks,, based on the full ex- X () (). )
pansion of the exponential. Another element is that they deFor the ground staté=0. Heree is the electronic charge,
rive Eg;; based on the well width, and neglect the consid- is the dielectric constant, ang(r) are the basis functions of
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a carrier in statg. Exchange interaction energies are nega-

10 T T 1]
tive, and lowerE(hh,) and E(hh,), the heavy-hole subband k=0
ground- and excited-state energy levels of an undoped quan-
tum well. This mechanism increases the intersubband transi- 0.8r T
tion energy(blueshif}. a
The basis functions are <~ o6k o 4
~ 0. §
b
1 . a
Un(r)= 510 EXPi Ky ) ol X). 3 & o4l ]
o
We choose the origin of the normalized ground-state one-
electron wave functiongy(x), to be at the quantum well 0.2 ! i
center,
do(X)=2IL§ cogkox), |x|<Ly/2 (4) 0 ! 2 8 4
B
whereky= /L. In these equationsis a two-dimensional
position vector in the heterostructure plane,is a one- FIG. 1. Functionsf®(B) and fX(), Egs.(6) and (7), evaluated

dimensional displacement normal to the quantum well planefpr k=0.
k is a two-dimensional wave vector parallel to the well, and
A is the quantum well lateral area. The ground-state confine|—¢0(x)|2|¢0(x’)|2 by bo(X)d1(X) do(X')Pp1(X), where
ment lengthL; is the length at which the ground-state enve- ¢,(x) is the excited state one-electron wave funcfioive
lope function penetrating into the barrier region extrapolateghoosee;(x) consistent with¢y(x), with the origin at the
to zero. guantum well center,

The maximum carrier induced energy shift occurs at the
zone center, at wave vectkr=0. Following the procedures

outlined in Ref. 3EY,, atk=0, is $1(X)= V201 sin(Zkix),  [x|<L1/2 ®)
0 2 ke 0 wherek,=m/L;. For the present, we assurhg=L, that
Eedk=0)=— Aren €. FE(B)k=o. (5) is, ko=k; . In this approximation, the excited-state exchange
0 €r

interaction energy is
wheref%(B),_, is given by

2
f%(B)k=0 1 k=0)=— Ke 1
j Eexk=0) Areg € f(Bk=0, 9
B =" 2 1 . /2
=2 D P mror @t M2 here
R R R S (-1 B 1
(2m)"* & (2m5T2 (n—k)! fUB)o= > —— =5 —| 1+ 5057 | 7 SiIN(N7/2)
n=0 (I’H—l) aw 3
k
X| ———=si + . 1 11+4n
(n+1-k) sin(k/2) +3 cogkm/2) ] ©® +§ 1+4n+ ez cognw/2)
The parametep is
P p 1 1 a7k 27k
B=ke/ko. (7) 2 & F k! | (nt1-K)
The radius of the two-dimensional Fermi se&is=(2o)*2 X (3435 2)sin(km/2) + (7— 353

Here,a=NpL is the carrier sheet densithy is the ionized

impurity density, and the doping width sy, which can be

smaller than the well width.. Assuming complete ioniza- Xcoikw/Z)”. (10

tion, the carrier concentration is taken to be equal to the

impurity concentration. We designatg, as the carrier den- 0 1 )

sity, implying either donors or acceptors. Alse=ey,, Figure 1 shows™(B),_o andf*(B)y-o as a function ofg.

wheree, ande, are the dielectric constants of free-space and'Ne excited-state carrier interaction energy correction in-

differs from the one given in Ref. 3, Eq7), but it yields ~ €xpression of Cooet al, Ref. 2, Eq.(8), corresponds to the

identical numerical result. In our formulation, we do not dis- first nonvanishing term of this series, the-1 term. We have

tinguish between even and odd terms, and both are convélso derived the exact series expressiorLfprL; . We find

niently summed to the same upper limit. that for L{/L; values of interesEZ, become smaller. The
The first excited-state exchange interaction endfgyis ~ more exact solution is very well approximated by multiply-

derived by replacing in Eq.(2) the combination ingEL,, Eq.(9), by the ratio ofLy/L; .
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[ll. DIRECT COULOMB INTERACTIONS In our formulation, direct interaction effects are smaller
than those derived by Cooat al. In the approximation,
a=L;/Li=1, butLy#L, the transition energy due to di-
rect interaction reduces to

The direct Coulomb interaction potential for the quantum
well, Vg, (r), is the sum of potentials due to carriers and

ions,
1 €% Ljo L}
Vair(r) =Vel(r) + Vion(r) 1y lig=1)—E% = — — " lg_3°
ir e ion Ej(a=1)—Eg, e p— 5 3Ld . (16
where
For L{/Lgq=1.45, a value for a typical quantum well, our
e 2 ., 1 12 direct interaction energy shift is-0.5 of that computed for
Vel(r)=—7 2 fd r mhﬁn(f )| Lo=Lg.
and IV. RESULTS AND DISCUSSION
eNp 1 The carrier density adjusted transition enegyy is
Vion(r):m d’ |r—r’|'
E10=E’(hh)—E’(hhy)
V,(r) is the potential at point due to carriers at position/ —TE(hh)—E(hh) 1+ (EL —E® )+ (EL — E©
summed over all states, andV,,,(r) is the potential due to [EChhy) = Ehho) 1+ L (Eqi —Eqi) + (Ee— Ee]
a uniform ionized impurity densitip . In practice, only the =AE(hh)+AE(co). a7

occupied ground state is included in calculatvig(r). For ) ) )
the heterolayerr is the vector sum of and x, the two-  Here,E’(hhy) andE’(hhy) are excited- and ground-state car-
dimensional in-plane and normal to the plane coordinate vedier density adjusted energy levelSE(hh) is the intrasub-

tors, respectively, angh,(r) are the basis functions. band transition energy ignoring carrier interactions, and
The Coulomb direct interaction energig§, are AE(cc) is the net carrier-density-induced energy shift. We
follow the formalism of Refs. 2 and 5, and addE(cc) as an
_ energy correction term tAE(hh). The E,, andEg;, energies
Egir= —eJ d3r V(D i(r)]2. (12 are derived based on penetration defthsandL ], lengths
computed fromE(hh;) and E(hhy).
As in the case of exchange interactioR§, andE};, involve We apply the equations developed in this investigation to

well width L, doping widthL 4, and ground and excited-state & p-type strained-layer $i,Ge, quantum well deposited on
wave function confinement lengtsy and L. Following @ SI001) substrate. We consider the §3€Si 4Si composi-
the procedures outlined in Ref. 6, for an electrically neutrafion investigated by Peoplet al.” Quantum well and doping

doped well, widths are8L=L =40 A and the acceptor density is
N,=4Xx10"® cm™3. The infrared absorption spectra of this
3 e Lo 2 [ 2 L/ device is a superposition of at least four bands, two between
0 0 0 . .
Yy 1+§ F_l)(L__l) 6—7 um, a major band peaking near 8/im, and one at
maTEL & d ~10.3 um. We calculateE(hhy)=42 meV, E(hh)=155

v

3

(13 based on the model of an isolated finite-depth square-well
potential, the formalism developed in Ref. 8. We then find
ES(k=0)=—30.0 meV, EL=—2.6 meV, EJ,=0.8 meV,
andE},=0.3 meV. The largest carrier density induced effect

2 L meV, Ly=58 A, andL;=61 A. These computations are
( _L_é)”’

and

o . , is by far due toEZ,. The carrier density induced energy shift
éirzi & LO_(T M+ l (ﬂ_ 1) is AE(cc)=27 meV. This increases the intrasubband transi-
mATEy € ma(4—a°) 2\L4 tion energy from 113 to 139 meV, a wavelength shift from

5 L 11.0 to 8.9um.
a2 (1_ _d) _ (14) Figure 2 shows calculated ground- and excited-state ex-
2 Lo change and direct interaction energies, akf(cc), as a
, _ o function of N between k10 and 1x10?° cm™3, for x(Ge)
Fgr an isolated square well potentlgl of finite depth gndzo_25 andL=L,=40 A. Direct interaction energies in-
width, the upper- to ground-state confinement length ratio ¢rease linearly wittNp , and for largeN the direct interac-
IS tion energies and’, cannot be neglected. Figure 3 shows
, " AE(co) as a function ofNy for x(Ge)=0.25 andL=L4
a:ﬂ: {E(hh})} ranging between 20 and 80 A. The decreased energies at
Ly E(hhy)| large N, reflect the increased contributions of the direct in-
teraction mechanism. Fdr=60 and 80 A, the curves are
Equations(13) and (14) are, to the best of our knowledge, terminated at densities for whigh>4.
new results. Fot;=Lj=Ly4=L the bracketed expressions  For largeNp, the Fermi leveE rises abovéE’ (hh,), the
of Egs. (13) and (14) reduce to unity, and we obtain the upper state is occupied, and tkg, transitions become for-
equations stated in Ref. 2, Eq9) and (10). bidden. We calculat&, referenced td&’(hh,), from

@ 1

X
3 2

(19
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SO " AE(ce) i ' '
x(Ge)=0.25 ee T
o
401 =404 2 Lol |
L o
~ 20f Egir 5 L=80A
> 1 2 15p .
2 Edir o
£ o - -
~ g 60
> - 10f 1
5 —20F Jet o \
c ex = 40
L 2]
-40F 1 @ 5F 207
=
-60r Eoex N 0 1 1 (b)
80l . . .0 ... - 350 . .
1017 1018 1019 1029 s
- 3 - - -3 -
Carrier Density (cm 3) fs: 00 L=20A
> 250F .
FIG. 2. Exchange and direct Coulomb interaction energies as a ®
. . . . . N L= - 4
function of carrier density for a GesSiy 74Si, 40-A-wide quantum w 200 0
well. Superscripts 0 and 1 denote ground and excited states, respec- 5 150_——// |
tively. AE(co) is the net carrier-density-induced energy shift. %
s 100} 60 .
' 2 iy — 80
Er=E'(hhy) + 27 (A °/2mg) o/ myy,. (18 2 50— i
. . (a)
Figures 4a) and 4b) show E,, and the transition wave- 0 T . 20
lengths, respectively, for the curves depicted in Fig. 3. We 10 10 10 10
terminate the curves af, values for whichEg equals or Carrier Density (cm™?)

exceed<E’(hh,). For L=40 A, this occurs aNp=4.5x10"°

cm 3. At this Np, Eqp is shifted from 113 meV for the FIG. 4. (a) Carrier-density-adjusted transition enerfy, as a
undoped well to 164 meV for the doped well, that is, a shiftfunction of carrier density and width for a @&Siy 7sSi quantum
from 11.0 to 7.6um. Figure 5 showd E(cc) as a function of ~ well. (b) Corresponding transition wavelengths.

Np for L=40 A, andx(Ge) between 0.2 and 0.8.AE(co)

decreases with increasingGe). For ND=1><_1019 cm 3 continuum resonances. The conditions for transmission reso-
AE(co) betweerx(Ge)=0.2 andx(Ge)=0.8 varies only by 5 nances are discussed by Bastatiwang and Karunasiri
meV, a very small change. assert that for infrared-photodetector applications, the most

Figure 6 showsE,, as a function o(Ge) for L=30 A efficient device configuration is for the first excited state to
and Np=0, 1x10' and 1x10'® cm™3. Transition energies be close to the valence subband barrier édgeor a wider
increase withN . Energy shifts between the undoped andL =40 A well, E’(hhy) is bound, andE, increases monotoni-
the 1x10" cm * doped quantum wells range between 31cally with x(Ge).
and 38 meV. The curves show a sharp break(&te)=0.19. Figure 7 showa\E(cc) as a function of. for x(Ge)=0.25
This is thex(Ge) composition at whictE’(hhy) rises above  andNp between X107 and 1x10* cm™3. AE(cc) exhibits
the barrier edge into the continuum, and it defines the intera peak, which shifts with increasingy, to smallerL. Figure
section of bound-to-bound transitions and bound-to-

x(Ge
80 T T Al T 60 " o T i 02)
x(Ge)=0.25 . s .
< L=20A 2 gg 0.4
[ £
£ - 0.6
< eof 40 = 0.8
= = 40
= 7}
L] >
> 2
o 40 A g 30
[0
o 60 [
o ~ 20
3 5
3 20} . S
ht 80
w 10
w <
Olg i B I E—— T 1 v £
1017 1018 1019 1020 10 1018 1019 1020
Carrier density (cm %) Carrier density (cm 3)

FIG. 3. Carrier-density-induced energy shift as a function of FIG. 5. Carrier-density-induced energy shift as a function of
carrier density and well width for a GgsSip 74Si quantum well. carrier density and Ge composition for, SiGe,/Si quantum wells.
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300 300 . . . .
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£ A g 2501 x(Ge)=0.25 i
250 -7 E )

> > Np=5x10'%cm™®

o § 200} g
w w

e 200 i u

° S

= £ 150} 40 -
< 2

bl V, (meV) ®

= 150 ° = 60

° / — 900 o 100r s
w / ~=740 w 80

o~ /
100 I~ 1 1 ! | ! 50 1 1 L L
0.1 0.2 03 04 05 06 07 0.8 0 0.2 0.4 0.6 0.8 1
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FIG. 6. Transition energy of §i,Ge/Si quantum wells as a FIG. 8. Transition energy as a function of doping widthand

function of Ge composition and carrier density. BtGe)<0.19,  well width L for a carrier-doped Gg:Siy74Si quantum well. For

Ejo are bound-to-continuum resonances, andxi@e)>0.19,E1o  largeL 4/L, E,, differences between fully and partially doped quan-
are bound-to-bound transitionsV is the heavy-hole valence sub- tym wells are small.

band offset between the pseudomorphically strained Ge and relaxed

Si substrate. . .
V(Ge/S) can reduce computed transition energies, thus off-

settingAE(cc) effects. For the previously citedGe)=0.25,

8 illustratesk,y as a function oL andL. In typical appli- L=40 A quantum well, the/,(Ge/S) change from 900 to
cations,L /L ranges between 0.5 and 0.75, and maximumy g oy reduceQE(hH) by 13 meV

E,o shifts between fully and partially doped quantum well In general, the infrared spectra of, SjGe/Si quantum

v_vidths are less t_h_an 5 meV. We also fir_1d T[h@.e) varia- wells are superpositions of interband, e.g., heavy-hole to
tions of the transition energy with,/L are |n3|gn|f|c§1nt,_ I_ess light-hole, and intrasubband, e.g., heavy-hole to heavy-hole,
than 5 meV. However.4/L effects can become significant yansition peaks and free-carrier absorption. Zareeal.

for narrow doping w.|dth_s. . . how that peak position values are strongly affected by the
One issue complicating data comparison with calculate ethod utilized in subtracting the free-carrier

Eyo is the value assumed fof(Ge/S), the valence heavy- |, ckground>**In their approach, the peak position is a fit-
hole subband offset between the pseudomorphically strain d parameter, derived from the best fit to a model of free-

Ge and the relaxed Si substrate. Theoretical and eXperimeEérrier absorption and a Lorentzian peak. This problem is

tal values range between 730 and 900 meV. In our calculay s, yiscyssed by Kreifelst al, and they advocate a self-
tions we used the van der Walls recommended value of 90 eference techniqu’é. Zanier et al. report spectra for three

meV1? In Fig. 6, the dashed line showsE(hh) using _ ; _ _ 8 (i
V((Ge/S)=740 meV. In the bound-to-continuum regin, ;Gi?:}é_;“,\?:i"g Xvoelzél,sgzldx(ﬁ)e)x(gé,:g%, ﬁjiglx 18‘123
differences between the twd, values are small, but for ;=3 \ye|| compositions are approximate, and energy peaks
bound-to-bound transitions the shallower potential well '®4re broad. FittedE peak positions for sample®, (i), and
ducesE,, by ~25 meV. Consequently, in fitting data one iii), are ~115 ~11°25 and~160 meV respeciivel;y/. our
should be cognizant of the fact that an arbitrary choice °calc;ulated vaIL’Jes aré 122. 151, and ’170 meV. K@o
=0.2, the relative energy difference between the Mg

: : samples is 10 meV, and our calculated value is 29 meV. For
Np =10"%cm™3 Np=2%10' cm™3, the relative energy difference between
the twox(Ge) samples is 45 meV, and our calculated value is
aol 4 48 meV. Samplex(Ge)=0.2 is just at the intersection of
bound-to-bound and bound-to-continuum transitions, and a
5x10'® slight shift in a parameter drastically affects experimental
20k ot and calculatede .

In a series of publications Wang and co-workers reported
infrared measurements of ;Si,Ge/Si quantum wellg®~2°
1oL ir- Many of these results are summarized in Ref. 11. In these
10

publications, the free-carrier absorption subtraction method
is unspecified. FON,=1x10'° cm™3, E,, peaks forx(Ge)

4 0 T T T T

AE(cc), energy shift (meV)

Ge)=0.25 "
0 . . | L X.( ® . compositions 0.15, 0.40, and 0.50 are-at45, ~153, and
10 20 30 40 50 60 70 80 ~172 meV*~180ur calculated values are 143, 176, and 190
Well Width, L (A) meV. The x(Ge=0.15 quantum well is a bound-to-

continuum type transition. The measured energy shift be-
FIG. 7. Carrier-density-induced energy shift as a function oftween x(Ge)=0.4 and 0.5 is 19 meV, and our computed
well width and carrier density for a GesSig 74Si quantum well. value is 14 meV. FolNp=5x10" cm™3, L=40 A, and
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L4=30 A, measured values @&;, for x(Ge)=0.4 and 0.60 exponential by the first nonzero term of its power series ex-
are ~220 and~234 meV, respectivel}??° Our calculated pansion. Our results foE., are based on the complete ex-
values ofE;, are 200 and 223 meV. For these samples thgansion of the exponential. We find, in agreement with these
relative measured and calculated energy shifts are 14 and 28vestigators, thaE>, is substantially smaller thaB2,. For
meV, respectively. In general, differences between measured3;, andE},, we consider an electrically neutral doped well.

and calculated, are within 25 meV. In our derivation we differentiate between well width,
ground- and excited-state wave function confinement
V. CONCLUSIONS lengths, and doping layer width. Our results Ef;, andEJ;

) ) yield substantially smaller energy shifts than the ones given

. We have eyaluated Coulomb carrier-carrier exchange angy Coonet al. Consequently, for small carrier densitiEQx
direct interaction effects for the heavy-hole subband ofig ihe primary component of many-body effects. However,
strained-layer quantum wells. We have derived, in a consisgjrect interaction energies increase linearly with carrier den-

tent manner, the associated energy shifts both for the groundity, and for large carrier densities do become important and
and the excited-states. Ground- and excited-state exchang@pstantially negate exchange interaction effects.

interaction energiesE, and EL,, are negative, whereas
ground- and excited-state direct interaction enerdids,and

El,. are positive. The net carrier density induced energy
shift is a balance between these positive and negative offsets.
In deriving these energy expressions we follow, and extend, The authors thank M. Shatz of MIT, Lincoln Laboratory,
the formalism of Cooret al1=® For ES, we reproduce their and our colleagues G. Sun, M. Chi, and A. Anselmo at Rome
results. In derivingel,, these investigators approximated an Laboratory for comments and discussions.
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