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Peak position of the intersubband absorption spectrum of quantum wells
with controlled electron concentrations
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We investigated the influence of electron concentratianon the peak position energy of intersubband
absorption spectra in single modulation doped GaAs:8& sAs quantum well structures of different thick-
nesses and doping profiles. We found experimentally very small shifts of peak position as a fundlign of
Also the sign of the energy shift is dependent on the well thickness. Findings were well explained by a
compensation between depolarization shift and shift due to static Coulomb interaction of the electrons. The
effect of the well width and the doping profile on the peak shift were also discussed.

Intersubband transitiondSBT) in semiconductor quan- practical importance to design ISBT based devices, espe-
tum well (QW) structures have been successfully applied tccially lasers, with high precision.
novel infrared devices such as quantum well infrared Previously, Pinczulet al® studiedN dependence of the
photodetector's’ and quantum cascade lasgBhe large os-  far-infrared intersubband excitation energy by measuring Ra-
cillator strength of the transition and the controllability of the man scattering in a set of wide QW's with differeNt.
resonance by structural parameters of the QW, such as ifganasrehet all° studied the relation between the peak po-
width and its barrier height, facilitate the engineering of vari-gjtjon E,, of intersubband absorption spectrum ahdusing a

ous functional possibilities of ISBT. set of samples with different doping concentration. Ernst

The dependence of the resonance energy on the eIectr%@ all! employed Raman scattering in a wide wide QW's

concentrationNg is a key issue in ISBT. The elect_ron- while controlling N, by applying static pressure. Also

?ar-infrarecf and midinfrarefl nonlinear intersubband ab-

ways. First, the energy differende;y between the ground . died in which depolarizati ¢
subband and the excited subband is shifted by the static Co s_orp_tlon spectrum were stu lIed in-which depo arlzat!on er
ect is modulated by populating the excited states by intense

lomb interaction of the electrons. Second, the resonance er- . .

ergy is shifted fromE;q by the dynamical screening of the mfrared_ light while totalN, was kept_constan_t. I

electrons. This effect is called the depolarization shift. In this work, we report an experimental investigation of
When electrons populate only the ground subband, th&he relation betweeMg and E, of the linear intersubband

peak position energf, of the ISBT absorption spectrum is absorption spectrum in several single modulation doped
written aé"® QW'’s with different thicknesses and doping profiles. The

was controlled by gate voltagé, to study theNs depen-
5 dence with a same sample, which is different from the pre-
Ep=VETo+ 2Eso(a— BINg=Eyg+(a—B)Ns, (1) vious studie$:?

Six samples were grown by molecular beam epitaxy on
where aNg in the second term of the right-hand side repre-(100) GaAs semi-insulating substrates. Each sample contains
sents the depolarization shift artBNg is the vertex correc- a single modulation doped GaAs QW cladded by
tion. Although the expliciNg dependence is only in the sec- Aly ,Ga, ¢As barriers. Three of these samples, B-1, B-2, and
ond term, the first ternkt ;o and also the coefficient df; in B-3, are modulation doped in the surrounding, AGa, AS
the second term depend &h. E,q is conceptually written layers. The structure of these samples are, from the top to the
asEqy+Ey+Exc. Eq is the energy difference between the bottom, 10-nm-thick GaAs cap layer, 80-nm-thicktype
ground subband and the excited subband determined only by, ,Ga, ¢As with Si-doping density % 10" cm 3, 10-nm
the structure parameteis, is the modification o by the Al 4Ga) gAs spacer layer, GaAs QW layer, 25-nm-thick
direct Coulomb interaction of the electrons, algc is its  Al, ,Ga ¢As spacer layer, S#doping layer at 1& cm™ 2,
exchange-correlatiofXC) correction. In the second term of 0.2-um-thick super lattice buffer with Al,Ga, sAs(10
Eg. (1), « (B) originates from the time dependent part of nm)/GaAs(3 nm), and 0.gm-thick GaAs buffer layer.

Ey (Exc) under infrared light. The nonparabolicity of the Their respective QW thicknesses are 8.9 nm, 6.5 nm, and 4.9
inplane dispersion contributes an additional shifEgf(Ref. =~ nm. The remaining three samples, S-1, S-2, and S-3, are
6) by shifting E;o from the subband edge as a function of doped only on the surface side AIG& ¢As layer. The
Ns. The balance of these terms gives the relation betigen structure of the samples are, from the top to the bottom,
andE, in real systems both for linear and nonlinear absorp-10-nm-thick GaAs cap layer, 80-nm-thickn-type
tion regimes® A detailed study of these contributions is of Al ,Ga, ¢As with Si-doping density % 10" cm 3, 10-nm
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TABLE |. Representative parameters of the sampléss the width of the QW andN, is the maximum
electron concentrationVy, is the width used to fit the experimental result by the they.is the peak
position energy of the intersubband spectrum, FWHM is the full width at half maximum of the spectrum, and
Ef,a'c is the calculated peak position energy. These are the values at the higthegt is the mobility
measured at 77 K.

Sample W (W) (hm) Ny (10" cm ) E, (ES*°) (meV) FWHM (meV) u (m?V~'s™?)

B-1 8.9 (8.4 11.0 114.4(114.4 35 3.6
B-2 6.5 (6.2 13.2 159.7(159.7 6.8 2.0
B-3 4.9 (4.6 9.3 199.1(199.9) 7.9 1.8
s-1 10.2(9.8) 6.9 95.6(95.7) 47 9.3
S-2 7.4(7.2) 7.2 138.6(138.6 6.1 48
S-3 5.5 (5.4) 5.7 180.2(180.2 13.4 3.1

Aly ,Ga ¢As spacer layer, GaAs QW layer, 15-nm-thick
Alg 4Ga&, 6As barrier layer, 0.2em-thick super lattice buffer,
and 0.3um-thick GaAs buffer layer. Their respective thick-
nesses are 10.2 nm, 7.4 nm, and 5.5 nm. The representative
parameters of these samples are listed in Table I.

The intersubband absorption spectra of these samples
were measured in a 45° edges multi-pass waveguide geom-

0.5 r T T T
B-1/W=8.4nm

1 -2
Ng (10" em™), Vg

0.4F  T=4k 10.8  (-0.25)

10.0 (-0.50)

etry of 3 mm length and 0.3 mm thickness. On top of the 0.3} 87 (0.75) A
devices, a Schottky electrode and Ohmic contacts were 70 (-1.00)
formed to controlNg. The samples were cooled at 4 K, and 0.2 54 (-1.25)
the measurements were performed with a rapid scan Fourier “T 32 (150) ’
transform infrared spectromet@fTIR) with a light polarized ’ '
perpendicularly to the QW layer. The absorption spectrum at 01} 12 78

a givenV, was obtained as the ratio of the transmission (-2.00)
spectrum aW/, to the transmission spectrum at a reference
gate voltageV,e; at which electrons were completely de-
pleted. We seV, ¢ at about 1.0 V below the threshold volt-
age Vy,, which was measured by the in-plane electrical
transport'?

In Fig. 1(a), the absorption spectra of a double-side doped —
sample B-1 at differenV/, are shown. We observe that the 116 WD e
absorption monotonically decreases whgis lowered. The
electron concentratioNg labeling these spectra has been es-
timated from the integrated absorption by using an oscillator
strength determined by calculati¢see below. The value of
N estimated in this way agreed well with the result of the
Hall measurement in th¥, range where electrical transport
is not quenched? N .

Figure Xb) summarizes the relation betwelig andE, of 10 ¢ H+X+NP (= E RN ™
sample B-1. Whe, is decreased from 210" cm 2 to H N,
5.6 10" cm™?, E, shifts negatively from 114.4 meV by 108 | B.1/W=84nm g
0.36 meV, which is only 0.3% oE,. WhenNjs is further . . . ; Ny
decreasedE, starts to increase, and then drops < 1.2 (b) 0 2 4 6 8 10
X 10" cm™2. The full width at half maximum{FWHM) of Electron concentration (107" cm?)
El'hr? eslg\?\f:xﬂrqr:(szrgéig&ef\r/olrg tg_% snp])g\clt rt%mszt :Eg\/h I\?vlk:gzt FIG. 1._ (a The inFersubband absorption spectrg_of the sa_mple
decreased from 21108 cm™2 to 5.9¢ 10 cm2, then de- B-1 at various gate bias voltagg, . (b) The peak position energies

E, of the spectra shown i@ are summarized as a function .
creasled tc122.1 meV by fqrther decreasg down fo 0.8 N; is estimated from the integrated absorbance. The curve denoted
X 10 cm™2. In the following,

. we concentrate on the rela- by (H+X+D+NP) shows the result of the theoretical calculation of
tion betweerkE, andNj.

o ) . Ep including the several contributions, H: Hartree self-consistent
The smallness of the observed shift in this sample indicgiculation: X: with exchange-correlation interaction in local den-

cates that the various contributions to the shiftfgf com-  sity functional approximation; NP: nonparabolicity of the in-plane
pensate each others. To understand the result quantitativelyispersion is considered; and D: depolarization effect considered.

we made a simulation d,. To find the dominant contribu- The different curves show the result of the calculations including
tion to the peak shift, we employed a method based on thehe various contributions step by step.

Absorbance unit -logy O[T(V)/T (-2.8V)]
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local-density functional approximatidh.DA) for exchange- 2.0 r T r r T r
correlation (XC) interaction, which gave a relatively good

agreement in the thick25-nm GaAs QW between experi- 1.5 -
ment and theory® First, we calculated,, at the bottom of o~

the subbands by a self-consistent calculation including the @ 1.0 -
effect of the conduction band nonparaboliéftand includ- %

ing the XC interaction by LDA?® Next, the single particle = 05 i
excitation (SPB spectrumGg(w) was calculated including -

the effect of the different dispersion of the in-plane motion § 0.0 i

of both subbands. We neglected thdependence of the XC
energy for simplicity'®” Then following Ref. 6, the absorp- 05
tion spectrum, including the depolarization effect, was calcu- '
lated fromGgy(w). The parameters and 8 were estimated
according to Refs. 4, 5, and 18. The theoretical value pf 0 2 4 6 8 10 12 14
was obtained as the peak position of this absorption spec- (a) Electron concentration (10"
trum, which was approximated well by E{l) if one re-
placedE;, by the peak positiofts, of Im Go(w). Then the 6 T T T r T T T
theoretical E-Ng relation was calculated, using designed R
sample parameters, except the well width,, which was
slightly (a few tenths of a nanomejeatifferent from the de-
signed value. The solid curve in Fig(hl, denoted agH+X
+D+NP), shows the result, where the letters denote, H: Har-
tree self-consistent calculation; X: with exchange-correlation
interaction in local density functional approximation; NP:
nonparabolicity of the in-plane dispersion is considered; and
D: depolarization effect considered. The agreement with the
experiment is good. -2

The steep peak shift forNg smaller than 1.2 o \
x 10" cm 2 could not be reproduced by the theory. We §-1/9.8nm
consider this is due to the localization of the electrons in the -4 —
dilute range, thus separate treatment is required o 1 2 8 4 o5 © 27 8

range, par . q : (b) Electron concentration (10" cm™2)

To illustrate the physical meanings of various components
contributing to determin&,, we examine each of them step  FIG. 2. The peak shift of the intersubband absorption spectra as
by step in the calculation. The curye) in Fig. 1(b) shows  a function ofN, (a) for the samples for B-1 to B-3, ar(#) for the
Eio without the XC interaction(Hartree approximation  samples S-1 to S-3. The curves are the calculated @hiftX +D
Since we applied the electric field to contidl, both the  +NP) for each sample. The zeros of the peak shift of both experi-
field-induced Stark shift oEy and theNg-induced shift of ment and calculation are the experimerig| at the maximum;
E, determine the curvéH). In sample B-1, these contribu- for each sample.
tions cause a shift of 7.5 meV ;5. The curve(H+X) is
calculated with the XC interaction. The XC effect increasescreased. The concave curve for sample B-1 becomes convex
E.q by 2.5 meV at the maximurg and is proportional to in B-3, and the peak energy increases vhthin S-1 while it
NZ"®. The curve(H+X+D) in Fig. 1(b) showsE, when the  decreases in S-3. In intermediate samples B-2 and S-2, the
depolarization shift is added t&,, in (H+X) as shown in  shift is almost zero. We observe also that the shift is larger
Eg. (1). The depolarization shift more than compensates thér samples doped only on the surface side. The theoretical
negative shift of the three previous contributions, resulting inpeaks calculated including all the contributions discussed
a weak concave shape similar to the experiment. These r@bove are shown by plane curves and agree well with the
sults show that each of these contributions is important t@xperiment.
determine the actual energy shift. When Ng and W are changed, both the shitE,, and

An effect of the nonparabolicity is to broaden the SPEA(aNg) vary approximately proportionally ta(NsW), be-
spectrum toward lower energy, and therefore to shift thecause these originate from the electrostatic potential of
peak position slightly belovE,, as shown by the curvéH  electrons’? Note here that the Stark shiftE, is roughly
+X+NP). We included this effect in the curve labeléd proportional toA(N.W)?, although this effect is smaller in
+X+D+NP). We see that this effect does not change thethe present case than in the QW without carriers due to the
result qualitatively. screening of the electric field by electrons. Therefore, the

We discuss next how the shift in absorption spectrum deshift of E, due to these factors is smaller in narrower QW's.
pends on the well thicknes4. Figure Za) shows the result The two other contribution®\Eyc andA(— 8Ng), are pro-
of the measurements and theoretical calculations for samplgmrtional to A(Ng/W)¥ within the local-density functional
B-1 to B-3 and Fig. th) for samples S-1 to S-3. The zeros of approximatio® and are not sensitive td, andW. Therefore
the peak shift are defined as the peak position at the maxthe shift of E; is mainly determined byAE,, AE,, and
mum Ny of each samplésee Table)l The result shows that A(aNy): this explains the very small shift observed in the
qualitative features of the peak shift changeVasis de-  narrower samples B-2 and S-2. In sample B-3 and S-3, the

. —

Peak shift (meV)
!
/
g
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excited level approaches very close to the top of the barrier. The larger shift of S-1 compared to B-1 manifests the
Hence the behavior d&;,depends sensitively on the electric effect of the different doping profiles on the shift Af Eq
field and governs the shift dE,, resulting in the convex +Ey), which inverts the sign oAE, while keeping the
shape as seen in the experiment. AE,, approximately the same. In sample S-1, when the elec-
The XC contributions are expected to become importantrons are depleted, the potential profile of QW is almostlat
asNg andW are decreased, from th&l{/W)*® dependence. and the increase dfis by gate bias increasds, i.e., AEy
In the wide QW sample B-1, Fig.()) shows that the peak >0, as prected from the Stark effect, while the negative
position of the SPE spectrurtthe curve HrX+NP) is  contribution AE;<<O by the direct Coulomb potential of
higher than the peak position of the absorption spectrum fof/€ctrons cancels this shift, resulting in almost no shift of
N, smaller than 2.8 10" cm™2, because ¢— B)N. be- E1o. On the other hand, in sample B-l,_whe_n the el_ectrc_Jns
comes negative in that regidh2®In narrow QW's, B-3 and are de_pleted, there is a large electric field in the qI|re<_:t|0_n
S-3, as the result of the penetration of the excited state wavPpPosite to the gate_ﬁeld. Therefore, as the gate b'as IS In-
function into the barrier, XC terms are smaller than expecte reasedAE, is negative AE,<0) and the negative shift of

and are not important for the qualitative behavior of the Shiftsﬁif;jgtg?/lseirﬁggrr?sér?shall?e:ﬁrﬁo é—|_1|eCv%(?l’etgeisdf;r?(grgc?ttl)?/nthe
of E, in Ng >5x10" cm 2 for B-3 and in Ng>3.5 :

shift of E;q in B-1.

In conclusion, we studied the shift of the peak position of
}_he intersubband absorption energy when the electron con-
centration is controlled by a gate voltage. We found that the

low electron concentration region, which may be resolved b)}n:ri?c?leC;(ncﬁglfg:?ggrtheShﬁfﬁifsr'jl?:?: sglgx?rnedn;tgle s;'rr:]%:ﬁ
a many-body calculatio2-??A recent theoretical analysis - gy y

was done of the interplay of the Coulomb interaction and theShlft of energy. The observed shifts were understood and

subband dispersions using the semiconductor Bloch equati [§produced b.y a simple theory for various samples with dif-
method. It was found that a large difference of the subban rent well widths and the doping profiles.

dispersions is necessary for the finite contribution of the ex-  This work was partially supported by the grant-in-aid of
change interactio, which is not the case in the the Ministry of Education, Science, and Culture of Japan.
GaAs/ALGa,_,As QW system. This finding is consistent One of the author§M.R.) acknowledges the support by

x 10" cm™2. However, in loweiN¢ XC terms appears over-
estimated(in B-3, S-3, and also B2 This observation sug-
gests that the exchange-correlation interaction is overest
mated in LDA theory, especially in narrow QW’s and in the
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