View metadata, citation and similar papers at core.ac.uk brought to you by fCORE

provided by University of Massachusetts Boston: ScholarWorks at UMass

University of Massachusetts Boston

ScholarWorks at UMass Boston

Physics Faculty Publications Physics

6-19-1995

Intersubband lasing lifetimes of SiGe/Si and GaAs/
AlGaAs multiple quantum well structures

Greg Sun
University of Massachusetts Boston, greg.sun@umb.edu

L. Friedman
Air Force Research Laboratory, Hanscom Air Force Base

Richard A. Soref

Air Force Research Laboratory, Hanscom Air Force Base

Follow this and additional works at: http://scholarworks.umb.edu/physics_faculty pubs
& Dart of the Physics Commons

Recommended Citation

Sun, Greg; Friedman, L.; and Soref, Richard A., "Intersubband lasing lifetimes of SiGe/Si and GaAs/AlGaAs multiple quantum well
structures” (1995). Physics Faculty Publications. Paper 32.
http://scholarworks.umb.edu/physics_faculty pubs/32

This Article is brought to you for free and open access by the Physics at ScholarWorks at UMass Boston. It has been accepted for inclusion in Physics

Faculty Publications by an authorized administrator of ScholarWorks at UMass Boston. For more information, please contact library.uasc@umb.edu.


https://core.ac.uk/display/229323163?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
http://scholarworks.umb.edu?utm_source=scholarworks.umb.edu%2Fphysics_faculty_pubs%2F32&utm_medium=PDF&utm_campaign=PDFCoverPages
http://scholarworks.umb.edu/physics_faculty_pubs?utm_source=scholarworks.umb.edu%2Fphysics_faculty_pubs%2F32&utm_medium=PDF&utm_campaign=PDFCoverPages
http://scholarworks.umb.edu/physics?utm_source=scholarworks.umb.edu%2Fphysics_faculty_pubs%2F32&utm_medium=PDF&utm_campaign=PDFCoverPages
http://scholarworks.umb.edu/physics_faculty_pubs?utm_source=scholarworks.umb.edu%2Fphysics_faculty_pubs%2F32&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/193?utm_source=scholarworks.umb.edu%2Fphysics_faculty_pubs%2F32&utm_medium=PDF&utm_campaign=PDFCoverPages
http://scholarworks.umb.edu/physics_faculty_pubs/32?utm_source=scholarworks.umb.edu%2Fphysics_faculty_pubs%2F32&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:library.uasc@umb.edu

N

Applied Physics

Letters R N
A | \ ‘
Intersubband lasing lifetimes of SiGe/Si and GaAs/AlGaAs multiple

quantum well structures
G. Sun, L. Friedman, and R. A. Soref

Citation: Appl. Phys. Lett. 66, 3425 (1995); doi: 10.1063/1.113375
View online: http://dx.doi.org/10.1063/1.113375

View Table of Contents: http://apl.aip.org/resource/1/APPLAB/v66/i25
Published by the American Institute of Physics.

Related Articles

Electroluminescence from strained germanium membranes and implications for an efficient Si-compatible laser
Appl. Phys. Lett. 100, 131112 (2012)

A weakly coupled semiconductor superlattice as a potential for a radio frequency modulated terahertz light
emitter
Appl. Phys. Lett. 100, 131104 (2012)

Quantum-dot nano-cavity lasers with Purcell-enhanced stimulated emission
Appl. Phys. Lett. 100, 131107 (2012)

Effect of internal optical loss on the modulation bandwidth of a quantum dot laser
Appl. Phys. Lett. 100, 131106 (2012)

Design of three-well indirect pumping terahertz quantum cascade lasers for high optical gain based on
nonequilibrium Green'’s function analysis
Appl. Phys. Lett. 100, 122110 (2012)

Additional information on Appl. Phys. Lett.

Journal Homepage: http://apl.aip.org/

Journal Information: http://apl.aip.org/about/about_the_journal
Top downloads: http://apl.aip.org/features/most_downloaded
Information for Authors: http://apl.aip.org/authors

ADVERTISEMENT

LEARN MORE

@\ ACCELERATE AMBER AND NAMD BY 5X.

NVIDIA

Downloaded 30 Mar 2012 to 158.121.194.143. Redistribution subject to AIP license or copyright; see http://apl.aip.org/about/rights_and_permissions


http://apl.aip.org/?ver=pdfcov
http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/test.int.aip.org/adtest/L23/1726772523/x01/AIP/Asylum_APLCovAd_1680x420Banner_02_14_2012/AIP-Ad1.jpg/774471577530796c2b71594142775935?x
http://apl.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=G. Sun&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://apl.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=L. Friedman&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://apl.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=R. A. Soref&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://apl.aip.org/?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.113375?ver=pdfcov
http://apl.aip.org/resource/1/APPLAB/v66/i25?ver=pdfcov
http://www.aip.org/?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.3699224?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.3696673?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.3697702?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.3697683?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.3697674?ver=pdfcov
http://apl.aip.org/?ver=pdfcov
http://apl.aip.org/about/about_the_journal?ver=pdfcov
http://apl.aip.org/features/most_downloaded?ver=pdfcov
http://apl.aip.org/authors?ver=pdfcov

Intersubband lasing lifetimes of SiGe/Si and GaAs/AlGaAs multiple
guantum well structures

G. Sun
Engineering Program, University of Massachusetts at Boston, Boston, Massachusetts 02125

L. Friedman and R. A. Soref
Rome Laboratory/EROC, Hanscom Air Force Base, Hanscom, Massachusetts 01731-2909

(Received 30 January 1995; accepted for publication 2 April 1995

The feasibility of population inversion is studied for the SiGe/Si system and compared with that of
GaAs/AlGaAs. Because of the absence of strong polar optical phonon scattering in SiGe/Si, the
lifetime difference of the upper and lower lasing levels, to which the population inversion and laser
gain are proportional, is consistently an order of magnitude larger than that of GaAs/AlGaAs; nor
does it show the sudden drop to zero or negative values when the lasing energy exceeds the optical
phonon energy. Both systems studied are superlattices, each period of which consists of three
coupled quantum wells and barriers. 95 American Institute of Physics.

_For the Ill—y semiconductors,_population inversion a_nd N3—Ny=N;oa(l ,/fiwp) (13— 72), )
lasing due to intersubband transitions have been predicted ) ) ]
for the GaAs/AlGaAs superlattiteand demonstrated in a wherel, is the pump power density, the absorption cross
InGaAs/AllnAs structuré. Population inversion and laser section
gair_l of an intersubband laser dep(_ands on the difference in o31=(dmag/ng) (fw, IT)|(3]2]1)|2, 2
lifetimes of the upper and lower lasing levels, and these can ) ] ) o
be optimized by band-gap engineering of the well and barrieiith Ni (i=1,2,3 the population of subbarid 7; the lifetime
thicknesses. In the 11V materials, the lifetimes are limited ©f Subband, aq the fine structure constant, the refractive
by strong LO polar optical phonon scattering. Thus, one iéndex,<3|z|1) the dipole matrix elemen_f the linewidth, and_
restricted to lasing energies less than the optical phonon ef-@p=Es—E1 the pump energy. It is therefore essential
ergy i w, in order to suppress phonon scatterirgjthough for the lasing operation to achieve a large lifetime difference.

some lifetime increase occurs at large energies, as discussed The laser gain at frequenay, is
below. , _ _ GL=02(N3—Np), )
The purpose of this letter is to point out that the absence o )
of strong polar optical scattering in silicon-based materialdVhereo; is given by Eq(2) above with 3 replaced by 2 and
results in considerably longer lifetimes than in the 1lI-v 7 @p replaced byhw =E;—E,. Since we focus here on
semiconductors. We will show that with only nonpolar opti- he lifetime difference, the pumping mechanism is not im-
cal phonon and acoustic phonon scattering operatives, ndPrtant and will be addressed at a later time. .
only are the lifetimes considerably longer, but they do not Theﬁl lifetime 7, of subband i is 7=[2;(Wj
show the sharp reduction when the laser transition energifwi(})] , where
exceeds the optical phonon threshold energy. Both
GeSiy_/Si and GaAs/AJGa _,As superlattices are con- Wﬁ:(EﬁkBTEMWCLﬁS)J |Gij(a,)|*da, 4
sidered. Because of the very different effective masses and
band offsets of the two systems, the well and barrier widthor acoustic phonon scatterifigwith =4 the valence band
will differ considerably, but the same coupled-quantum-welldeformation potentialn* the heavy hole effective mass,
structure and treatment is used for both cases.
To focus only on the issue of the lifetimes, we consider a

minimal configuration consisting of a superlattice, each pe- A B C A
riod of which has three GesSiy 75 quantum wells(QWs) r 3 =

and three Si barriers of different widths. Figure 1 shows the Vi ‘\,\/\,\

heavy hole valence band diagram. Each QW is designed so ., .. oy 5 | oL oo
that there exists only one confined state when isolated. The l 1 4,
three QWs form a three level system with three subbands ]

(actually minibands of very small widttwithin the HH va- da
lence band. Taking levels 2 and 3 of Fig. 1 as the lower and
upper laser states, respectively, neglecting carrier scattering

from the ground state and thermal excitation. and assumin IG. 1. One period of heavy-hole valence band diagram of superlattice.
’ ole energy increases in the upward directidfy, is the heavy-hole va-

0_ptic<_3‘| p_umping, it can be shown that the population inver-ence pand offset. Indicated are well and barrier widths, subband levels, and
sion is given by pumpp) and lasing(L) transitions.

bag dg  bgc dc beca
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FIG. 2. Lifetime difference t;—7,) and subband energy difference
(Es—Ej,) as a function of barrier widtlg .

the elastic constankg Boltzmann’s constanfl the absolute
temperature, taken to be room temperature, gnthe pho-
non wavevector in the growth directiofi, j) are subband
labels.

For nonpolar optical phonon scatterihg,

Wi =m*[n(wo) + 1/2% 1/2]D§/4mphi2wq

Xf |Gij(qz)|2dqzv (5)

where n(wg) = 11 expfiwy/ksT)—1] is the phonon popula-
tion of frequencyw, (assumed constantD,, is the valence
band optical deformation potential, apds the mass density.
For the GaAs/AlGaAs system, the Frohlich interactidor

polar optical scattering was used in addition to acoustic pho

non scattering.
In both Eqgs.(4) and(5),
Gij(a,) =(ilexp(ia,2)[}) (6)

contains wave-function overlap effects, afi;;(q,)|%da,
has to be calculated numerically. Thus, from Ed$.and(5),
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FIG. 3. Lifetime difference f3—7,) for both the GeSi/Si and GaAs/
AlGaAs superlattices as a function of the lasing enefgy-E,). For the
Ge, »Sig 75/Si structure,d,=30 A, byg=40 A, dg=10 A, bgc=40 A,
bca=10 A, and dg<dc<d,. For the GaAs/AGa-As structure,
da=50 A, bag=40 A, dz=20 A, bgc=40 A, bc,=20 A, anddg<dc
<d,.

GaAs/Al,Ga _yAs systems as a function oEg—E;). For
the GaAs/A}jGa _,As conduction bandy=0.3, V,=300
meV, fwy=36 meV, E4=8.6 eV, m*/my=0.067, c_
=1.18< 10" N/m?, €,=13.2, and €,=10.9. E;—E),)
was varied by changinglc, which primarily controlsg,
(see Fig. 1L The well and barrier dimensions are given in the
caption of Fig. 3. It is seen thatr{—r,) for the
GeSi;_,/Si system is consistently larger than that of
GaAs/Al,Ga _yAs.

Both systems experience two sudden drops i (

it is seen that the intersubband scattering rates depend on ther,). For the GgSi, ,/Si system, the first drop occurs
wave-function overlap between the two subbands involvedwhen (Ez;—E;)=41 meV, where E,—E;) becomes less
In general, this decreases with increasing width of the barriethan% w,, and 7, suddenly increases. The second drop oc-
separating the two subbands. As a result, we are able to maurs when E;—E,)>%w,, causingr; to decrease. For
nipulate the lifetimes of all the subbands to favor populationthe GaAs/AlGaAs systend,w,=36 meV is smaller, so that

inversion.

The parametefdn Egs.(4) and(5) are= 4(Ge) =a=2.6
eV, m*/my(Si)=0.291, m* /my(Gey 255ig 75) =0.264,
p(Gey »Sip79=3.07 glcm, ¢, (Si)=1.655< 10" N/m?,
cL(Ge=1.29x 10" N/m?, Do(Ge=8.7x1C° eVicm,
hwg (Gey 255ip 79 =56 meV, andV; =205 meV(see Fig. L
Figure 2 shows the lifetime differencer{— 7») and sub-
band energy differenceEg—E,) for the GgSi;_,/Si su-
perlattice as a function of the barrier widthy separating

the narrowest and intermediate-width wells associated wit

the two lasing states. WhileEG—E,) is negligibly af-

fected, (r;— 7») increases from negative values to about 30

the drops occur in the reverse order. Note that for the
GeSi;_,/Si system, {;— 1) maintains fairly large posi-
tive values in spite of the drops. However, for the GaAs/
AlGaAs system, the drops can lead to zero or even negative
values of (3— 7,) (loss of population inversiort For this
case, f3— 1) will increase somewhat with increasing
(Es—E,) due to the involvement of large wave-vector
polar optical phonorfsand lasing is still possible; neverthe-
fiess, it remains considerably smaller than that of the
GeSi;_/Si system.

AssumingI’'=10 meV andny=3.5 for Gg »5Siy 75, Si,

ps asbgc increases from 15 to 45 A. Note that population @nd GaAs, we find;z=1 to 10 A, z,3=5 to 15 A, ando 5

inversion is possible in the G8i; _,/Si superlattices even

and o3 for the structures of Fig. 3 in the range of 15-50

when (E;—E,) exceeds the optical phonon energy; this is(&)? for both the Gg,sSiy 75/Si and GaAs/AlGaAs systems.

in contrast to the GaAs/AlGaAs superlatticeFigure 3
shows (3—7,) for both the GeSi;_,/Si and

3426 Appl. Phys. Lett., Vol. 66, No. 25, 19 June 1995

For x=0.25, we have assumed bulk optical phonons. For
largerx, there may be confinement of the Ge—Ge and Ge-Si

Sun, Friedman, and Soref
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modes, which we believe will only reduce the scattering !G. Sun and J. B. Khurgin, |IEEE J. Quantum Electr@E-29, 1104

rates. This will be investigated. 2(1993).

In summary, we have presented theoretical evidence thatéhzai;téi;cgea&asss;é (Iiésla_zi; Siveo, A. L. Hutchison, C. Sitory, and A. Y.
the SiGe/Si system has a significant advantage over GaAs/; | ’ '

! : B. K. Ridley, J. Phys. (5, 5899(1982: P. J. Price, Ann. Phy$NY) 133

AlGaAs (and other IllI-V'9 QW systems for infrared inter- 217 (1981.

subband lasers. For the same laser frequency, the laser liféd. F. Young, D. J. Lockwood, J. M. Baribeau, and P. J. KellyLight

time difference in G@25Si0 75/Si is at least an order of Scattering in Semiconductor Structures and Superlattiediged by D. J.
. . ; Lockwood and J. F. Youn@Plenum, New York, 1991 Vol. 41; A. Blan-

ma,gm,tUde Iarg?r than that of éé: 89-7AS/GaAS for laser cha, H. Presting, and M. Cardona, Phys. Status Soltk® 11 (1984); B.

emission energies below and above the optical phonon en-k_ Ridley, Quantum Processes in Semiconducté@sarendon, Oxford,

ergy. 1982,
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