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The hole subband structures and effective masses of tensile strained Si/Si;—,Gey quantum wells are calculated by

using the 6x6 k-p method. The results show that when the tensile strain is induced in the quantum well, the light-hole

state becomes the ground state, and the light hole effective masses in the growth direction are strongly reduced while the

in-plane effective masses are considerable. Quantitative calculation of the valence intersubband transition between two

light hole states in a 7nm tensile strained Si/Sig.55Geg.45 quantum well grown on a relaxed Sip.5Geg.5 (100) substrates

shows a large absorption coefficient of 8400 cm 1.
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1. Introduction

In the last few years, considerable attention has
been directed towards the quantum well infrared pho-
todetectors (QWIPs) for the application in tactical
and space based surveillance, imaging, ranging and
tracking. P-type Si/SiGe QWIPs are of particular
interest because valence intersubband transitions are
able to couple normally incident radiation without
grating couplers, detect all incident IR radiation po-
larizations and have lower dark currents.[!] Moreover,
the epitaxial growth and processing of Si/SiGe het-
erostructures is compatible with Si microelectronics
technology including on-chip integration of SiGe focal-
plane arrays with Si readout circuits.!?=4

Many experimental investigations were recently
performed on Si/SiGe quantum wells in order to study
the valence intersubband transitions. These experi-
ments have demonstrated the existence of the pho-
toinduced intersubband absorption in doped or un-
doped wells.[>~7 Furthermore, a large variety of meth-
ods for studying the pertinent experiments have been
reported in the literature, such as the pseudopoten-
tial method® and the computation of the dispersion

Si/SiGe, tensile strain, effective mass, valence intersubband transition

in the valence band taking into account the coupling
between the three valence band, heavy holes, light

[9:10] However, among all of these

holes, and spin orbit.
works regarding the valence intersubband transitions
in compressive strained Si/SiGe quantum wells; re-
ported study concerning the optical properties of ma-
terial under biaxial tension has been limited. The
rapid advance of epitaxial growth techniques have
opened the possibility for the development of high
quality tensile strain Si/Si;_,Ge, layers grown on re-
laxed Si;_,Ge, (001) virtual substrate (y < ).
When tensile strain is applied in the quantum wells,
the ground hole is then a light hole state. Since the
absorption coefficient is inversely proportional to the
effective mass of the carriers,[!?! the valence-band con-
figuration that arises from biaxial tensile strain should
be particularly well suited for devices that involve op-
tical absorption. 3]

This paper investigates the energy band struc-
tures and effective masses of holes in tensile strain
Si/SiGe quantum wells. The intersubband transitions
between the first two light hole subbands and the ab-
sorption coefficient in this system are quantitative ex-

amined.
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2. Valence-subband structures

The problem under consideration is that of a
Si/Sii—,Ge, quantum well grown on Si;_,Ge, (100)
virtual substrate (y < z), in which the Si barriers
and the Si;_,Ge, wells are tensile strained. In or-
der to understand the valence intersubband transi-
tions in Si/SiGe quantum wells, knowledge of the hole

in the envelope function approximation and the full
6x6 Luttinger-Kohn Hamiltonian including the heavy
hole, the light hole and the split-off hole valence bands.
The energies and wavefunctions of valence subbands
then are obtained by solving the multiband effective
mass equation.

Based on the theory of Luttinger-Kohn,['*15] the
6x6 Hamiltonian which includes heavy-hole, light-

states and subband structure is essential. We work  hole, and split-off bands reads!'¢!
|
P+Q -8 R —V/1/28 V2R 13/2,3/2)
-st P-@Q 0 —V2Q \/3/25 | |3/2,1/2)
o Rt 0 P-Q 3/28T  V2Q |3/2,—1/2>, 0
0 Rf st P+@Q —Vv2Rt —\/1/28t | |3/2,-3/2)
—/1/28T —v2Q /3/2S —V2R P+ A 0 11/2,1/2)
V2Rt /37281 V2Q —\/1/28 0O P+ A 11/2,-1/2)
\
where amended with strain-dependent terms P. and Q. as
PPt P O=Qs+Q. shown in Eq.(2), ay and b in terr.ns P. and QE are the
hydrostatic and shear deformation potentials. And
R=Ry+R., 5=5+5, for the case of a biaxial strain, R. = S. = 0. Material

Py = (R?/2mo)n (k2 + k; +k2),

Qr = (P /2mo)y2 (k2 + ki — 2k2),

Ry, = (B2 /2mo)V3[—ya (k2 — k2) + 2ivskaky)],

S = (h?/2m0)2V37y3 (ks — iky)k.,

P. = —ay(ezz +€yy +€22),

Qe = —blegs +eyy — 2622)/2,

R, = \/gb(am — Eyy)/2 — ideyy,

Se = —d(e20 — l€y2). (2)

Here €;; = €yy = (Asubstrate — Qlayer)/Qlayer; €25 =
—262,C12/Ch1, €2y = €yz = €25 = 0, and 1, 72, 73
are the Luttinger parameters. In a one-dimensional-
modulation, the quantities vy, 72, 73 all vary along
the z axis, and the position-dependent valence-band
edge is added to the diagonal terms. This may in-
clude the valence-band offset, the external field bias,
and the self-consistent potential as well. In Si;_,Ge,
(001)-grown Si/Si;_,Ge, structures there exists a bi-

axial strain. The P and @ terms in Eq.(1) are then

parameters used for calculation in this paper can be
found in our earlier work.[!”]

Figure 1(a) shows our 6x6 k- p calculation of the
valence-subband structure in a Si/Sig 55Geg.45 tensile
strained quantum well grown on a relaxed Sig5Geg.5
buffer layer. The widths of the well and barrier are
assumed to be 7nm and 10nm, respectively. KEigen-
value having light (heavy) hole character is marked
with LH (HH) according to its characteristic at the
band edge, and the hole wavefunctions (squared) are
plotted. As we can see from Fig.1(a), the tensile strain
pushes the light hole states upwards as the populated
ground state. Figure 1(b) shows the four lowest en-
ergy levels and LH band offset for tensile strained
Si/Sig.55Gegp.45 quantum well grown upon a relaxed
Sig.5Geg.5 buffer layer as a function of well width. The
possible bound-to-quasi-bound transitions are pointed
out using the dashed vertical arrows from the popu-
lated ground state (LH1) to the top of the well (HH1,
HH2 or LH2).
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Fig.1. (a) Valence-subband structure of a 7nm tensile strained Si/Sip.55Geo.45 quantum well. (b) The

four lowest subband energies and LH band offset versus well width in tensile strained Si/Sig.55Geo.45

quantum well grown upon a relaxed Sig.5Geg.5 buffer layer. The dashed vertical arrows show possible

bound-to-quasi-bound transitions in the quantum well.

3. Hole effective mass

Hole effective masses are among the important
parameters needed to properly characterize any par-
ticular device. Using the light-hole state as the heavily
doped ground state has the benefits of smaller effec-

tive mass, which translates into larger absorption co-
efficients and better transport characteristics.

In order to calculate the effective masses at k = 0,
the series expansion of E — k relation determined by
the full 6x6 Luttinger-Kohn Hamiltonian up to the
second order of k are,

Eyn (k) ~ Buu(0) — (h?/2mo)[(71 + 12)kj + (11 — 272)k3 ],
Ern(k) = ELu(0) — (h*/2mo) (1 — fr2)kf + (1 + 2f472)k ],
Eso(k) = Eso(0) — (h?/2mo)[(v1 — f-v2)kf + (71 + 2f-12)k1], (3)

where f1 is a dimensionless, stain-dependent factor

2 1+g(z—1:|:

1+ 22 4 922)| + 622

J+ =

From Eq.(3), we obtain the effective masses

MiH, L 1 M| 1
mo -2y mo M+

Mig. 1 Miny 1
mo M +2fie me - fyye

Mgo, 1 _ 1 mgo | _ 1 5)
mo A+2f- mo n—=f

The top most valence band effective mass of com-
pressive and tensile strained SiGe layers are shown in
Fig.2(a) and Fig.2(b), respectively. They are given in

%(zfu 1422 +922) + 2 — 1 £/1+ 22 + 922 — 32° 4

the units of the free electron mass, mg. Note that the
heavy hole has a large effective mass along the z di-
rection (m, ) and a smaller effective mass along the
x and y directions (m), and vice versa for the light
hole. The ground hole state (LH1) effective masses in
the z direction show strong reduction for all tensile
strained SiGe alloys. The light-hole band also has a
considerable in-plane effective mass, therefore, a large
density of states which also increases absorption can
be expected.
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Fig.2. (a) Calculated hole effective masses for the top most valence band versus Ge content y in Si;_, Gey,

alloys grown upon Si (100) substrates, and (b) Si;—yGey alloys grown upon a relaxed Sig.5Geg.5 (100)

substrates, the in-plane (]|) and the growth direction (L) conductivity masses are shown.

4. Optical transitions between

two light hole states

For the analysis of optical absorption of inter-
subband transition between two light hole states, it
is a good approximation by considering intersubband
transition in the limit of infinitely large potential bar-
riers surrounding the quantum well and in the limit of
small mixing of the light and heavy hole states. The
approximation of the above boundary condition gives
the calculated absorption coefficient within a factor
of two of experimental data.l'8] So is the oscillator
strength, as expected. In the limit of small hole in-
plane wave vector, the light hole envelope function

fulz) = \/z sin (T;) (6)

reads

l

a(w)

Thus, the optical dipole describing the absorption of
TM polarized radiation has the well-known form,

2 2
:m {<fn(z)|pz ‘fm(z»}

_ 64 m?n?
_772 (m2 _ ’I’LQ)S

(for m —n odd). (7)

fmn

The oscillator strength is used to calculate the ab-
sorption coefficient, which is simply proportional to
the product of the oscillator strength and the two-
dimensional density of states.

The absorption coefficient for intersubband tran-
sition between the subband m and the subband n is
given by

_ hw x energy absorbed per unit volume and time

_7re2 hepg

2m’ n,

where pig is the permeability, ¢ is the speed of light and
n, is the index of refraction. IV is the population dif-

ference between two states, and g(w) is the Lorentzian
line shape function,

my 1+ e (em—Ex)/kT
_ I
N= WhQLkT In 14 e—(en—E0)/kT’ (9)
I'/2n
g(w) = / (10)

(Em —E&n _hw)Q + (11/2)27

where &,,(e,,) is subband energy, L is well thickness,
E; is Fermi level and I'/2 is the full width at half

incident energy flux

X fmn X AN X g(w), (8)

maximum (FWHM), and can be experimentally de-
termined from the width of the absorption spectrum.

Now we evaluate the absorption coefficient for
the intersubband transition between LH1 and LH2
in a 7nm tensile strained Si/Sig 55Geg 45/Si quantum
well at 300 K. As showed in Fig.1(a), epua=—0.490€V,
erp1=-0.402eV, in a case that boron doping two-
dimensional density of holes is 1x10'? cm™2. Assume
for simplicity that only valence subbands LH1 and
HH]1 are occupied, the Fermi energy level is —-0.421eV.
The LH1 effective masses obtained from Fig.2(b)
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gives m =0.137myg, m=0.21my. And we use the
FWHM I'/2 of 75meV obtained from Ref.[19]. Us-
ing the above parameters, we obtain the peak absorp-

tion coefficient of 8400 cm™—*

at 14 ym. Karunasiri,
Park and Wangl® has presented their experimen-
tal results on two heavy hole transition in heavily
doped Si/Sig.85Geg.15 multiple quantum wells, and ob-
tained the peak absorption of about 3000 cm~!. The
Sig.g5Geg.15 quantum well used in their experiment are
of 3nm-thick and doped to ~1x10'° cm ™3, which gives
the two-dimensional density of 3x10'? cm™2, and only
HH1 is occupied. The HH1 effective masses obtained
from Fig.2(a) gives m 1 =0.27mg, m=0.2my, and the
FWHM obtained from the measured absorption spec-
trum at 300K is about 80meV.!”! Using these pa-
rameters we obtained the peak absorption coefficient
of 4400cm™?.

is a bit larger than that of experiment because the

The calculated absorption coefficient

two heavy holes in calculating were assumed to be
bounded in the well.

approximation gives the calculated absorption coeffi-
(18]

As we mentioned above, the

cient within a factor of two of experimental data.
We believe that the infrared absorption in tensile
strained Si/SiGe quantum well is greatly enhanced
due to their large ratio of in-plane/growth direction ef-
fective masses m/m1. As we can deduce from Eq.(8)
and Eq.(9), the infrared absorption is proportional to
the ratio of in-plane/growth direction effective masses
m;/m_, and the values of m|;/m_ obtained from Fig.2
for tensile strained Si/Sip.55Gep.45 quantum wells and

compressive strained Si/Sigs5Geg.15 are 1.533 and
0.74, respectively. Moreover, as we can see from
Fig.1(a), HH1 is close to the ground state LH1 and
is occupied when the well is heavily doped. Thus, va-
lence intersubband absorption between HH1 and LH2
is possible and will be responsible for the observed
The effects of subband
nonparabolicity, valence-band anisotropy and heav-

normal incident detection.

ily doped hole distribution on the photoresponse have
been discussed in Refs.[19] and [20].

5. Conclusions

We have presented the basic theory for valence in-
tersubband transitions and calculated the valence sub-
band hole effective masses for tensile strained Si/SiGe
quantum wells. Our calculation clearly shows that
tensile strain in the Si/SiGe quantum wells push up
the light hole state as the ground hole, and the ground
hole state effective masses in the growth direction
showed a strong reduction compared to the compres-
sive strain quantum wells, which translates into larger
absorption coefficients. The light-hole band also has a
considerable in-plane effective mass, therefore, a large
density of states which also increases absorption can
be expected. This study demonstrates that highly
doped tensile strained Si/SiGe quantum wells can be
used in improving high performance quantum well in-
frared photodetectors.
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