Optical transitions between light hole subbands in InGaAs/InP strained
layer multiguantum wells

I. llouz, J. Oiknine-Schlesinger, D. Gershoni, and E. Ehrenfreund
Department of Physics and Solid State Institute, Techflgmel Institute of Technology,
Haifa 32000, Israel

D. Ritter
Department of Electrical Engineering and Solid State Institute, Tech##wael Institute of Technology,
Haifa 32000, Israel

R. A. Hamm and J. M. Vandenberg
AT&T Bell Laboratories, Murray Hill, New Jersey 07974

(Received 24 October 1994; accepted for publication 2 February) 1995

The observation of light hole intersubband absorption in ptloped and photoexcited undoped
strained InGa, _,As/InP (x=0.35 quantum-well structures is reported. The absorption is polarized
along the growth direction and is in agreement with calculations which show that the strain causes
the light hole level to be first occupied upprdoping or photoexcitation. Both impurity bound and

free holes transitions are identified. €995 American Institute of Physics.

Strained layer superlatticd$SLS9 are of considerable tions, and doping levels of the samples are given in Table I.
interest due to the added flexibility in controlling their opti- For the absorption and photoinduced absorpti®l®) mea-
cal and electrical transport properties. The biaxial in-planesurements the samples were fabricated as multipass
strain caused by lattice constant mismatch, profoundlyvaveguides by polishing two parallel cleaved facets at a 45°
affects the electronic band structure. For a tensively strainegngle. In this way, the electric field of thepolarized infra-
In,Ga, - xAs/InP (x<0.53 layer, for instance, the light hole red(IR) beam, which propagates along the waveguide, has a
(m;=1/2, Ih) valence band edge is above the heavy holecomponent along the growth directigsee inset Fig. ()].
(m;=3/2, hh edge’ Thus, in tensile SLSs the uniaxial strain |n addition, a 300 nm thick gold layer was deposited on the
is opposite in sign to the quantum size effect. As a result, & goped samples on their waveguide side closest to the quan-

strained quantum wellQW) system can be fabricated in tym structure, in order to enhance this component of the
which the first subvalence-level to be occupied is Ih1, andsectric field?

the character of the valence band excitation becomes similar The optical measurements were done using a Bruker

to that of the conduction band, since the confinement massgggggy ETIR spectrometer equipped with a step scan mirror
are comparable. movement to allow pump beam modulation using conven-

. In this letter, we _report the first observation of light hole tional lock-in techniques. The absorption results are given as
intersubband transitions in J6a _,As/InP (x=0.35 SLSs. —In(T,/Ty), whereT, (T,) is the transmission through the

The transitions, observgd in_botprdoped and qndoped sample for IR light polarized in the(p) configurationdsee
samples, were all polarized along the growth directian insert Fig. 1a)]. For the PIA studies the 1.06m line of a

axis). Using interband excitation, we have identified lh1—Ih2 Nd:YAG laser was used for the excitation. The light was

absorption of “free” photogenerated holes. Without inter- . . .
band excitation, we have observed blue shifted broader a inserted through the uncoated substrate side of the multipass

sorption lines. We interpret these lines, as optical transitiongv.avegu'de' The photoinduced change in the absorbance is

between two levels of a neutral acceptor. The acceptor leveldVen by—=AT, /Ty, whereAT, is the photoinduced change

are associated with the intrinsic lhl and |h2 levels, res e Tp- i . .
tively P In Fig. 1(@ we show by the solid line the absorption

Three InGa _,As/InP samples were used in this study: spectrum of Fhe _strainem}type doped s_ar_npl(ssample ] The
ap-type doped strained MQW structuggample |x=0.36 a dashed line in Fig. (B) represents a similar absorption spec-
similar but nominally undoped strained structgsample 1, trum of the nearly unstraineg-type doped samplésample
x=0.34 and a referencep-type doped, and slightly com- lll). It is clearly seen that while the spectrum of sample |
pressively strained MQW structufsample 11l,x=0.55. The ~ consists of an asymmetric band vvhich peaks around 143
samples were grown on a semi-insulatiig0) oriented InP MeV and has a full width at half maximutfWHM) of =18
substrates, by metalorganic molecular beam epftawye =~ MeV, the other spectrum is featureless. The observed band is
used Be as thp-dopant which was introduced during growth polarized along the growth direction as might have been ex-
to the center 6 nm of each ternary layer. The nominally unpected for optical transitions between discrete subbands of
doped ternary layers were residuatitype with background the same band. We, therefore, safely conclude that the ob-
concentration lower thars1x10'® cm™3, The layer widths served band signifies an intersubband transition within the
and their compositions were accurately determined usingalence band manifold of the strained MQW structure. Based
high resolution x-ray diffraction. The dimensions, composi-on our previous studi€swe assign this transition to light
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TABLE |. Samples parameters and transition energies for tf@dn ,As/InP SLS reported here. The first four
columns give the well widttid), barrier width(b), the number of periods and the InAs mole fractiah The

fifth column gives the nomingb-doping density. The experimental PIA and absorption are given in the sixth
and seventh columns, respectivélO means not observidand the calculated transition energitel —Ih2 for
samples | and Il, and1—e2 for sample 1) are given in the eighth one. The numbers in parenthesis represent
the uncertainty in the last digit.

d b Doping PIA Abs. Cal.
Sample  (nm) (nm) Periods X (10 cm™? (meV) (meV) (meV)
| 7.2(3) 37.93) 10 0.361) 3 1201) 1431) 132(4)
I 9.83)  40.43) 15 0.341) undoped 9a) NO 1084)
1l 6.1(3) 35.1(3) 10 0.5%2) 3 1641) NO 16Q7)

holes. This assumption is further supported by our modefensity of 3x10'* cm 2 per well and forT=80 K. The
calculations as follows. calculated spectrum consists of a distingtolarized spectral
Our calculations are carried out using an eight-band enfeaiure at 132 meV due to Ihl—Ih2 optical transition. A
velope function approximatiok-p model, which accurately gmaller feature at=60 meV (nearly unpolarizedis due to
takes into account the lattice mismatch strain in thehe |h1-hh1. The area under the calculated In1—Ih2 transition
structure’ The confined energy levels were identified by the 3grees within less than a factor of 2 with the measured one
number of nodes in their envglope wave functions and thEI[Fig_ 1(a)]. This is well within the uncertainty associated
total angular momentum projection on the QW symmetry,,ith the concentration of the Be dopants.
axis atk =0. Itis found that the top of the first confined Ih1 The PIA spectrum of sample | is displayed in Figc)l
subband is=60 meV higher in energy than the top of the 5 o holarized IR light. Like the absorption spectrum, the
first confined hh1 level. This is expected for these biaxiallyp| spectrum consists of a single band, which is totally po-
tensile strained systemsn Fig. 1(b) we display the calcu- |arized along the growth direction. The band, however, has
lated absorption spectrum of sample I, for the nominal ho"%nly ~9 meV FWHM, and it peaks at 120 meV, 23 meV
lower than the respective band observed in the absorption
spectrum and=12 meV lower than the calculated band. The
'/I;zp  X=036~ ('a) ] P'IA'spectrum of the undoped str'ained sarr.ﬁslmfnple ) is
similar to that of sample I, and is shown in FigaR The
single band observed in this spectrum has FWHM=c§
meV and it peaks at 94 me¥14 meV lower than the cal-
culated lh1-Ih2 transition for this sample which is displayed
in Fig. 2(b). The PIA spectrum of sample I(hot shown is
very similar to other spectra that we have observed-iype
unstrained InGaAs/InP MQW systefidt consists of only
one band which is polarized along the growth direction,
peaks around 166 meV and has FWHM=09 meV. Like in
the previously discussed spectra this band is assigned to in-
tersubband absorption by photoexcited electrons which were
added by the pump beam to the lowest conduction subband.
Its energy and spectral shape are very close to the expected
el-e2 transition for this samplsee Table)l In the follow-
ing, we discuss the transitions observed in the PIA spectra of
the strained sampldsamples | and )| We assign these tran-
sitions to intersubband absorption by photoexcited light
holes added by the pump beam to the upper most valence
subband of the strained quantum structure. Transitions be-
tween conduction subbands in these samples are expected at
lower energiegless than=70 me\) due to the decrease in
the potential depth of the conduction band QW in these low
InAs mole fraction sampleSWe could not observe these
Energy (eV) long wavelength transitions with our present experimental
setup, which is limited by the MCT detector spectral re-
FIG. 1. (3 IR intersubband absorption coefficiemt=—In(T,/Ty), of the ~ sponse. Moreover, similar to the unstrained intentionally un-
e 0 8 hant o v oo Cacos_J0ped sarmples, sample | is alo residuakype dopec
;rt;z;;trircﬁ spectrurﬁ of. samﬁle I, for thg band stn?cture of Fig. 2 with hoIeYet’ unlike the u_nStramed sampl%_st,has nc_' “da_rk“ (I'e" m_
density of 310! cm2 at 80 K. Solid(dotted line: z- (s-) polarization(c)  the absence of interband excitatiabsorption line close in
The p-polarized PIA spectrum of sample 1, at 80 K. energy to the observed PIA line. This strongly indicates that
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ey their binding energy is relatively smal=5 meV). In the

Ak In, ,,G As/InP (a) presentp-doped case, the situation is different. Here, since
: the binding energy of the acceptor bound holes is a few times
larger than that of donor bound electroftgpically =30
meV)'t*2it is plausible to assume that the Be acceptors in
the wells are not fully ionized even at room temperature.
Certainly at 80 K, most of the “dark” absorption should be
due to confined intra-acceptor transitions.

Impurity bound carriers in QWs and SLs and their ef-
fects on interband and intersubband optical transition were
previously discussed by several authors. Helrral** have
used symmetry considerations to show that in narrow SLs,
the 1Is hydrogenic level of the donor bound electron lies a
few meV lower than the first electronic subbard,, while
the 2p, state is pinned very close in energy to the second
Ih1 - 1h2 electronic subband2. The energy differences between these
two states and their associated electronic bands are not the
same'? giving rise to slightly different $—2p, andel—e2
transition energies; the first one is always larger. We antici-
pate that a similar situation occurs for acceptor bound holes.
Thus, intra-acceptor bound hole optical transitions in QWs
are larger in energy than their associated intersubband tran-

0.66
T=80K

3
-10 ATp/Tp

o (10%cm ™)

Ih1 - hh4

o e A sitions of free holes. The energy difference between the two
0.06 0.08 010 0.12 044 046 0.18 00 transitions is comparable to the acceptor-hole binding en-
Energy (eV) ergy.

We then suggest that the observed PIA is due to Ih1-1h2
FIG. 2. (@ The PIA spectrum of sample II, at 80 Kb) The calculated mtersubba.n.d absorption, while the dark absorption originates
absorption spectrum of sample Il, for electron-hole pairs density of 1fr0m transitions between acceptor levels located close to the
x10'° cm™2 at 80 K. The soliddotted line describes the light holeelec-  top of each of the |h subbands. The difference=®#0 meV
tron) contribution. between the two observed bands, is the difference in binding
energies between the first acceptor bound hole lewela-
sured from Ih] and its second levémeasured from 1h2
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the PIA line observed at 94 mefFig. 2(@)] is not due to
intersubband absorption by photoexcited electrons.

Comparing the experimental results to the calculation
(Table ), we see that the calculatédal. column, Table)l
Ih1-Ih2 transition energiedor samples | and )lare 12-14
meV higher than the observed PIA transitigi®dA column, . " § ) (1989

. " i« ~D. Gershoni and H. Temkin, J. Lumid4, 381(1989.
Table )). In addition, the calculated transition fpr sample | is 2D Ritter, R. A. Hamm, M. B. Panish. J. M. Vandenberg, D. Gershoni, S.
=11 meV lower than the o_bserved absorption baals. D. Gunapla, and B. F. Levine, Appl. Phys. Lei®, 552 (1997.
column, Table ). The small discrepancy between the calcu- *M. J. Kane, M. T. Emeny, N. Aspley, C. R. Whitehouse, and D. Lee,
lated and the observed transitions can be attributed to tthem'COT]d- Sci. TeChnogy 7t2)2(1988>- A y K
uncertainty in some material constants used for the ;fSrSAOE'(;gJéanﬁz e B SJ..C-J’C\)IZ.IJG(EL;:B;’ H. Temkin, T. Tanbun-Ek,
calculations’ It is well known that the band offsets, valence sg A Baraff and D. Gershoni, p|j]ys. Rev4B, 4011(1991); D. Gershoni,
band hydrostatic deformation potentials, and hole masses forC. H. Henry and G. A. Baraff, IEEE J. Quantum Electr@®, 2433
this system are not yet very accurately determfh@te dif- 631931- o Sehesi £ Enrenfreund. . Gershon. b. Ritter. M. B
s . . IKnine-schnhlesinger, k. rentreund, . ersnoni, . Ritter, . b.
ference between the trans_ltlons observed in thg PIA MEASUr€ 4, ich and R. A. Hamm, Appl. Phys. LeB9, 970 (1991): Solid-State
ment and that observed in the “dark” absorption measure- Ejectron.37, 1269(1994.
ment, however, deserves special attention. We note that inD. Gershoni, H. Temkin, J. M. Vandenberg, S.-N. G. Chu, R. A. Hamm,
the p-doped samplésample }, the photoinduced absorption ,2nd B. Panish, Phys. Rev. Lei0, 448 (1988. _
band appears some 20 meV lower than the “dark” absorp- Semlcondyctorsedlted by O. Madelung, M. Schultz, and H. Weiss,
. pp g . . ) - p Landolt—Banstein, New Serie§Springer-Verlag, Berlin, 1982 Group 3,
tion band. This unexpected result is unlike the situation in vol. 17a.
n-doped InGaAs/In? and GaAs/AIGaA¥Y MQWSs, where  °D. Gershoni, J Oiknine-Schlesinger, E. Ehrenfreund, D. Ritter, R. A.
: i in Hamm, and M. B. Panish, Phys. Rev. Léti, 2975(1993.

the PIAI bﬁmd mﬁtct\es,k!,n spectr_al posﬂ;}on and roughly "oy Garini, E. Ehrenfreund, E. Cohen, A. Ron, K.-K. Law, J. L. Merz, and
spectral shape, the dgr absorptlon.'ln.t eloped system, A ¢ Gossard, Phys. Rev. 8, 4456(1993.
the “dark” absorption is due to the existing electron plasmalr. c. Miller, A. C. Gossard, W. T. Tsang, and O. Munteanu, Phys. Rev. B
and the PIA is due to additional electrons added to this 24 1134(1982.
plasma by the pump beam, thus giving rise to similar absorp- Vl’-g;— Masselink, Y.-C. Chang, and H. MorkoPhys. Rev. B25, 3871
tion bands. The existence of donor bound electrons, mainlysy peim, F. M. Pesters, F. DeRosa, E. Colas, J. P. Harbison, and L. T.

at low temperatures, do not grossly affect this picture, since Florez, Phys. Rev. B3, 13983(199)); Phys. Rev. B48, 1601(1993.
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