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We use a polarizer to investigate quantum-well infrared absorption, and report experimental results as
follows. The intrasubband transition was observed in GaASAl ,As multiple quantum wellgfMQWSs)
when the incident infrared radiatigiiR) is polarized parallel to the MQW plane. According to the selection
rule, an intrasubband transition is forbidden. Up to now, most studies have only observed the intersubband
transition between two states with opposite parity. However, our experiment shows not only the intersubband
transitions, but also the intrasubband transitions. In our study, we also found that for light doping in the well
(4x10' cm™3), the intrasubband transition occurs only in the lowest subband, while for the heavy doping
(8% 10'8 cm’3), such a transition occurs not only in the lowest subband, but also in the first excited one,
because of the electron subband filling. Further experimental results show a linear dependence of the intrasub-
band transition frequency on the root of the well doping density. These data are in good agreement with our
numerical results. Thus we strongly suggest that such a transition can be attributed to plasma oscillation.
Conversely, when the incident IR is polarized perpendicular to the MQW plane, intersubband-transition-
induced signals appear, while the intrasubband-transition-induced spectra disappear for both light and heavy
well dopings. A depolarization blueshift was also taken into account to evaluate the intersubband transition
spectra at different well dopings. Furthermore, we performed a deep-level transient spectr@3copy
measurement to determine the subband energies at different well dopings. A good agreement between DLTS,
infrared absorption, and numerical calculation was obtained. In our experiment, two important phenomena are
noteworthy:(1) The polarized absorbance is one order of magnitude higher than the unpolarized spectra. This
puzzling result is well explained in detafR) When the IR, polarized perpendicular to the well plane, normally
irradiates the 45°-beveled edge of the samples, we only observed intersubband transition spectra. However, the
intrasubband transition signals caused by the in-plane electric-field component are significantly absent. The
reason is that such in-plane electric-field components can cancel each other out everywhere during the light
propagating in the samples. The spectral widths of bound-to-bound and bound-to-continuum transitions were
also discussed, and quantitatively compared to the relaxation tjméhich is deduced from the electron
mobility. The relaxation times deduced from spectral widths of bound-to-bound and bound-to-continuum
transitions are also discussed, and quantitatively compared to the relaxation time deduced from electron
mobility. [S0163-182(08)01912-3

[. INTRODUCTION bolometric rather than optical. Recently, Peng and Forstad
also observed an intrasubband transition & doped
Infrared absorption due to electronic transitions betweenn,Ga _,As single quantum wells. They attributed such a
subbands in doped GaAsiMa _,As multiple quantum transition to an intrasubband plasma oscillation, but not to
wells (MQW'’s) has recently attracted considerable intereshot-electron transport. In this paper, we report another intra-
due to potential applications for infrared detection. Up tosubband transition in GaAs/fba, _,As MQW'’s which oc-
now, most studies of quantum-well infrared photodetectorgurs for light polarized parallel to the quantum-well plane,
have concentrated on the intersubband transition in thand also attribute this phenomenon to the intrasubband
GaAs/AlLGa; _,As material syster;’ in which the selection plasma oscillation mechanism. A quantitative analysis based
rules forbid intersubband infraredR) radiation into the on the plasma oscillation model will be given in detail in this
structure. Optical gratings, usually metallic, or waveguidegaper.
have been used. As an exception, Rosenehat?® observed In the case of light doping, we can only observe plasma
intrasubband photoconductivity for parallel-polarized light in oscillation in the lowest subband and 0-1 intersubband tran-
GaAs/ALGa, _,As MQW's for the case of normal incidence. sition. For heavy doping, however, the plasma oscillation
They attributed the intrasubband transition to a hot-electromvas observed to occur not only in the lowest subband but
bolometric effect. As pointed out in that work, excitation is also in the upper one. Both 0—1 and 1l¢®ntinuum state
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intersubband transitions were observed. This paper will give 2.0
a detailed analysis about this aspect.

Our measured absorption spectra reveal two distinct phe- /m
nomena:(1) The scale for the polarized absorbance is one 166

order of magnitude higher than the unpolarized absorbance %
[see Figs. (8)—1(c)]. A reasonable explanation is as follows. 2 3,

In the case of unpolarization, the projection of incident natu- é

ral light in a typical direction will reduce the incident light &

intensity |, by half. Further projections of such light with 2 0.8 t

intensity of 1,/2 to the x and z directions give values of

(sin 45°Fl1/2=14/4 and (cos 45%9 4/2=1,/4, respectively.
Therefore, the magnitude of absorbances for the intersub- %64
band transition caused by an electric-field component irzthe
direction, and for the intrasubband transition caused by . ) )
x-direction component, are both less thafistée Fig. 18)], T 1400 1200
respectively. However, in the case of polarization, the pro-
jection of incident light, with an intensitl,/2 (just transmit-

1000 800
(a) WAVE NUMBERS (cni)

ted throughout the polarizgrin thex andz directions isl o/4 6.0 =

in all cases. Later analysis will show that the component 2

along thex direction will be canceled out by other parallel 492 AP_] »Xm
incident light(see Fig. 2, and that the component along the ’ P

z direction will be increased by the other light. Thus, the w

component light along the direction can be obtained as £ 3g,

I /2. According to the absorbance definition, we can obtain a -;3

larger value of the absorbance, which is almost one order of 3

magnitude higher than that of the unpolarized spec@p. 2 276

When the IR polarized perpendicular to the well plane nor-

mally irradiates the 45°-beveled edge of the samples, we

only observed intersubband transition spectra. However, the 168 w

intrasubband transition signals induced by the in-plane
electric-field component are significantly absent. The reason ¢4 )
considered here is that such an in-plane electric-field compo- 1400 1200 1000 800
nent can be canceled out by another parallel incident light (b) WAVE NUMBERS (cr™)

within the samples. We will discuss the situation for some
typical points in the sample, and then extend it to analyze a
general case. As a result, the in-plane electric-field compo- )(’m/ B
nent is canceled out everywhere in the samples. 492 4

In addition to the above two aspects, it is also noteworthy P
that the spectrum, labeled, located at wave number

6.0

W
1309 cm?, as shown in Fig. &), which is believed to be iZi 3.84
due to the bound-to-continuum transition at heavy doping g
(8x 10 cm™3), shows a spectrum half-width of 35 ¢ It @ ]

< 27

is broader than those bound-to-bound transition spectra
(~25cm'1). Before explaining peak, we must answer the

question of why those bound-to-bound transitions result in ros |
narrow spectra with half widths 25 cni L. We speculate on ’ &_WW\/
the carrier relaxation time deduced from the Lorentzian dis-

tribution function by fitting, and from the relaxation time 06 " '
deduced from the mobility measured at room temperature. 1400 1200 1000 800
The former is 0.42 ps, and the latter is 0.15 ps. Two relax- (¢) WAVE NUMBERS (cn™)

ation times are of the same ordeaubpicosecond The dif-

ference between them can be explained as follows. At room F|G. 1. Absorption spectra for a typical samggample 1 with
temperature, LO—phOhOI’l Scattering is the main mechanism t@op”]g densityNd:4>< 1018 Cm’?’ in MQW’S measured by using
broaden the spectra. For the mobility, at room temperaturga) unpolarized incident light(b) incident light polarized perpen-
in addition to LO-phonon scattering, deep center scatteringdicular to the MQW’s plane, an@) incident light polarized parallel
and heterointerface roughness scattering, for example, caathe MQW'’s plane. In the inse® denotes the polarizer. The scale
make additional contributions to the mobility. Furthermore,of the vertical axis is absorbanéegiven byA=In(l,/I,), wherel ,
for the case of pealR, because the second excited state outandl, are the intensities of the incident and transmitted lights, re-
of the well will be split into a continuum with a width of spectively.

several meV, the bound-to-continuum transition spectra are

wider than the bound-to-bound transition spectra.
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A. Sample preparation

The samples used were grown by conventional molecular-
beam epitaxy(MBE) in a VG-80H MBE system. The sub-

VS SN R 2 P F strates were undoped, semi-insulatii@0 GaAs. A buffer,
\{] S consisting of undoped 200-nm GaAs, andufh+ n*-type

5 o S i GaAs with a Si concentration of 410" cm™3, and fol-
I o @ lowed by 5-nm undoped GaAs, was grown at a substrate
X FeegF Fe---f temperature of 690 °C. The active region, consisting of a
s | \J stack of 50 quantum wells each with a width of 8 nm, sepa-

R, rated by 40-nm-thick AlGa,_,As (x=0.34) barriers, was
(d) (@ next grown at a substrate temperature of 610 °C. The wells

were doped in the center 5.2 nm with Si concentrations of

FIG. 2. (8 Schematically illustrated light passes in a sample. 8 8 .. 3 . .
Five typical single lights separated by an equal distance normallf'>< 10° and 8<10'° cm'%, respectively, for observing the

irradiates the 45°-beveled sample edgalenotes the polarizefb) plasma oscillation in the lowest excited subbands in the
and(c) show the electric fields at pointsande for light 3, respec- wells. The samples were capped by 5 nm of undoped GaAs

tively. (d) and(e) show the electric fields at poimt for light 2 and and finally by 0.4um of n-type GaAs for infrared-absorption
at pointe for light 4, respectively. and DLTS measurements. For the latter measurement, gold

Schottky barriers with an area 083102 cn? were formed

One may raise the question of why our absorption spectrQY évaporation.
show not only intersubband transition signals, but also intra-
subband transition signals, which is very different from pre-
vious results obtained by other authors. There may be several
reasons for thist1) The unpolarized spectra due to collective ~ Absorption spectra are measured at room temperature us-
excitation are very weak in magnitude, so that they may béng a Fourier transform infrared spectrometer. The samples
covered up by the noise backgrouri@ Generally, the well  are typically 4 mm long and 0.4 mm thick, and have their
doping level is X 10'® cm™2 or less, as reported by many ends beveled at 45°. In this case, nine double passes are
authors. According to our plasma model, the expected oscilnade through these quantum wells as the light passed down
lation frequency is less than about 450 ¢mwhich is much  the length of the samples. The scan of the incident light
lower than the intersubband transition frequency ofcovers a wave number range from 7@Q04.3 um) to
1000 cni'? (corresponding to a wavelength of 1@n). If one 1400 cm™* (7.1 um). A polarizer is introduced to polarize
is careless, this spectrum, appearing on the very lowthe incident infrared light. The light is polarized parallel or
frequency side, can be hardly observé®). The collective perpendicular to the plane of the quantum well to measure
excitation can be observed only in high-quality samples, agtrasubband and intersubband transitions, respectively. The
demonstrated by our many experiments. fabricated diodes typically have a leakage current of A2
The observation of plasma oscillation encourages us t@t reverse bias 0—-6 V. The DLTS measurements are carried
study additional physical problems, for example, the plasm#&ut with a high sensitivity system which can detect a mini-
and LO-phonon interaction. Such interaction can be studiethum deep level concentration down to<80' cm™3. The
by absorption measurements performed at different temperdemperature scan covers a temperature range 77-400 K. At
tures. This work remains to be done in the near future. Furthe quiescent bias, total wells are out of but quite near the
thermore, for application, if the plasma oscillation can givedepletion region edge, so at the reverse bias3 ), all
rise to lateral photocurrent, it can be used to create normabells are active for DLTS measurement. In order to deter-
incidence photodetectors that perform at room temperaturemine the subband energies and subband populations in
Because the intersubband transition energy depend¥QW's, the frequency of output pulse is changed from 26 to
strongly on the subband energy in the wells, it is necessary t8600 Hz to obtain the subband energiégiant trap” acti-
perform another experiment to determine the subband pos¥ation energies
tions. The deep-level transient spectroscdpi TS) method
is a good candidate for investigating the subband energy. In
the case of a square quantum well, the well itself acts as a [ll. THEORETICAL CONSIDERATIONS
“giant trap” for the DLTS measurement. This concept was - .
first proposed in Ref. 10, and then adopted in Refs. 11 and 12 CO”S'deF'”g am—ti/pg GaAs quantum well with an effec-
to  determine the LGa_ ,As/AlGaAs and tive V\_/eII W|_dth of d* in the well, the electrons act as a
Ing 4dG&y sP/GaAs conduction- and valence-band offsets an&wo-dl_menspnal plas.ma. Such a plas_ma can be considered
subband energies. We extended the “big trap” concept fro oh an|so§rop|c slab W.'th an effecgve th|ckne§§ and aspa-
a square well to the V-shaped potential well &toped ially umfotjrssm effective dielectric tensor with principal
GaAs to determine the subband enerdfeand determined componen
the x conduction-subband energies in a type-1l GaAs/AlAs/
GaAs single quantum wetf: In this study we will use this
method to demonstrate the subband energies and to compare e(w)=g,/1— : ,
it with numerical results and infrared-absorption data. exMd* w(w+i7yy)

B. Measurements

47rnge?

@
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47-mse2fij This is a 3D plasmon, with an effective 3D electron density
, (20 Ng=n¢/d*, whered* is the effective well widthm is the
electron effective mass in a different subband instrdirec-
tion. Due to the subband-filling effect, the carrier densities in
ey(w)=ex(w), (3 0 and 1 subbands are different, which obeys the Fermi dis-
wherex, y, andz are the directions of propagation of the tribution funqtion. I':urthermore,' we assume that the value of
modes.x and y axes are defined to be parallel to the the optical dielectric constant, is no different between the
quantum-well plane, and theaxis is parallel to the growth 0and 1 subband. _ . _
direction (because the-y plane is parallel to the well, the  L€tting d be the well width anlcgti the effective well
choice ofx andy axes used in the present case is arbiprary Width, and defining a ratig=d*/d,™ the plasma frequency
y, is the damping constant of the carriers for motion inxhe C€&n be rewritten as
ory direction.e,, &y, ande, are the optical dielectric con- 5
stants parallel and perpendicular to the quantum-well plane , 4mNge

Sz(w) = SZJ’_ 2

ij mijd*(wizj—wz—iyijw)

in the GaAs active layers, respectively,Eey). fij, oj; “x my ey ©
and y;; are the oscillator strength, frequency and damping
constant of the-j intersubband electronic excitations. where Ny is the 3D average doping density given bly
The longitudinal plasma eigenmodgsasmong are ob- =ng/d. In the case of infinite barrier height=0.581°
tained from while in the case of finite barrier height, 0 8&< 1.
If the incident wave includes an electric-field component
e(q,w)=0, (4 of E, in the z direction (perpendicular to the quantum-well

plang, the electric radiation field can be coupled to the

that is, L7 o .
z-direction oscillation mode, and provides wave energy to
N . 4
£y(0,0) =8,(0, ) =0, (5) the plasmg osc!llatlon. WheB=E]j , plasma.resonance in
thez direction will occur, and then an absorption peak can be
— observed at this frequency. On the other hand, if the incident
£,(q,w)=0. (6)

wave has an electric-field compondfy, the radiation field
For multiple-layered interacting plasmons associated wittfan be coupled to the-direction oscillation mode, and pro-
several zero-thickness two-dimensional electron@®EG) ~ vides wave energy to the-direction plasma oscillation.
layers separated by spacer layers of thickress has been WhenE=E,, resonance in the direction will occur, and

shown that the plasmon frequenc)]/Gis then the absorption peak can be observed at the ertgrgy
To deal with the intersubband transition problem, one has
2_ nsequy s ) R to add an effective plasma energy teEﬁl to the bare tran-
@x 2&0e,My Oxy.02): sition energyEizj. Then the frequency of the collective inter-

subband mode can be expressed as
where the structure fact@ is given by

2_p2_ 2
sinh(gy,d) Ef“=Ej+E, (10
S y = ’
By ) costiqy,d) —cogq.d) where
whereq,, is the in-plane wave vector, ang} is the wave 8 5
vector normal to the quantum wells. In the strong-coupling EZZLE”L”. (12)
limit, i.e., g4, d<<1 (in the present case, the in-plane wave P &x

vector is Oyy~(27/\)<10* cm L' where the incident _ _ ’

light wavelengthi is about 10um, and the well thickness N Eq. (1) L;; is the Coulomb matrix elemeAt*" that de-
d=8.2x10"7 cm), the electron-electron density oscillation Scfibes the depolarization shift. It is given by

along thez direction constitutes a 3D-likg, plasmon for a

2DEG of finite thicknes$qg,~10* cm™?, which can be re- L _f q
garded asq,~0 (Ref. 17]. The initial p,, and final p, ij= | OX
electron momenta in the plane of the quantum wells are re- _
lated by the conservation lawp,,=p;,+ha., q #i(X) and ¢;(x) are the envelope functions of the two sub-
=(0xy.0z). At the Brillouin-zone edge, the wave vector is bands. _ _ o
2m/a=10f cmL, wherea is the GaAs lattice constar.6 In pola_r s_emlconductors like GaA;, collective intersub-
R). Comparing to this valueg,, is negligibly small band excitations are cc_)upled to optical phonons, and the
(~10* cm™Y), that is, it is very close to the Brillouin-zone Coupled-mode frequencies are giverf

center. Thus, to a good approximation, the in-plane electron

2

f (X i(x")dx"| . (12

momenta conservation law becomgg = p)’(y. Summing up E%o_ E?: EE
the above analysis, E¢7) becomes 1- E2 _E2 X E2 _g2 =0, (13
Lo~ B+ + ij
2 AmNae’ hereE, o andEqo are th ies of LO and TO ph
wi= . (8)  whereE, o andEqq are the energies o an phonons.

my &x The solution of Eq(13) is
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Ei2j + EEO+ E,2, ment with the measured value of 1Qu6n. The small devia-
E2i=— tion may be attributed to the fact that the true Si-doping
2 density is slightly higher than the designed value of 4

x 10" cm 2 in the GaAs active layers. If so, the plasma
oscillation peak would appear on the short-wavelength side.
2 We also measured another ten samples with different well
widths and Al molar fractiorx, and found that they show the
same behavior. The positions of peakandB for a sample
with the same well width, Al molar fractior, and doping

! . density are very close to each other. As can be seen in Figs.
Eyp) is more thqn 100 meV, arELo is anly ~36 meV. TEUS 1(a), 1(b), and 1c), the polarized absorbance is one order of
Eij>Eio. In this case, the hlgh—en_ergy modetis =Ej , magnitude higher than the unpolarized spectra. This phe-
which can be observed from experiment. nomenon is also observable in Figga@ 4(b), and 4c). Let
us now explain these results. When the incident light nor-

. V(EZ + E2o+E2)?— 4(E2EZo + EZED)

(14)

In our study, the intersubband transition enegy (Ey, or

IV. RESULTS AND DISCUSSION mally irradiates the 45°-beveled sample sfdéthout using a
) o polarize), the wave vector of the electric field of the incident
A. Light doping in quantum wells light is well distributed in all direction§0°—3609. If such

To reveal the absorption spectra clearly, we carefullylights project in a typical direction, the incident light inten-
draw the spectra from the original data without any correc-sity |, will decrease td =1,/2. Furthermore, we decompose
tion, and show them in Figs. 1 and 4. In these figures, théhe |1 to I(sin 45°F=1,/4 along thex direction and to
background of the polarized spectra is much flatter than that(cos 45°¥=1,/4 along thez direction, respectively; then
of unpolarized spectra, like the background absorption spedhe absorbancé can be expressed as
tra reported by Peng and FonstadVe measured many
samples, and found the same behavior. Acin O 10 ‘_1:0 29 (15)

Figure Xa) shows the absorption spectra from a typical I lo—1oBl4 3
sample(sample 1 containing 50 Si-doped (410 cm™3) _ _ o _ _
quantum wells at room temperature without using a p0|aryvherelt is the transmitted Ilght_ mtensny, gnd the n_"ntroduced
izer. Two peaks, labeled and B, are observed at wave parameteﬁ is the quantum efﬁmgncy which descnbes_elec—
numbers 1166 cit (corresponding to wavelength 8:6m) tron and !nC|dent photon interactiof.is \éery cslose to unity.
and 943 cm? (10.6 um), respectively. However, when the FOr the light doping samplen=4x10'® cm™?), Fig. 1(a)
incident wave is polarized perpendicular to the quantum-welPives the absorbanck=0.16 for peakA and A=0.37 for
plane, only one absorption peakappears, as shown in Fig. peakl_3, respect|_ve_ly. These data are in good agreement with
1(b). On the other hand, when the incident light is polarized®Ur Simple prediction given by Eq15). , o
parallel to the quantum-well plane, only one absorption peak Conversely, when the incident light polarized within the
B appears, as shown in Fig(cl, in which the absorption X2 pla_me normall_y |rra(j|ates the 45°-b_eve|e_d sample edge
peakA completely disappears. In order to identify the origin [S€€ Fig. 23], the intensity of such polarized light decreases
of peakA, we calculated the subband energies in the wellf0 ! =10/2 (o is the incident light intensity Furthermore,
For the GaAs/AlGa,_,As system, the band gap of d_e.composmon qf this light ix andz directions gives inten-
AlXG@__XAS is giVen by Eg:(1424+ 1243() eV (|n the sities of l,= ($|n 450)2| 0/2:|0/4 and l,= (COS 45°f|0/2
present casex=0.34 at 300 K. Using the ratio of _=I_0/4, re.specnvelyl.x can bg canceled out by other parallel
AE./AE,=0.60, we obtain the band offsetAE, incident light[see Fig. _Ba)], i.e., IX_+(_—IX)=_0, anc_ilZ can
—0.254 eV. The plane-wave extension method was used t8¢ Summed up by this parallel incident light, i.¢;+1,
calculate the lowest and first excited subband energies. Thg | o/2. Details will be given in the next paragraph. Assuming
first ten extended plane waves were adopted to calculate tHBat the incident light is mostly absorbed by electrons in the
subband energy values approximately. Many researchei€lls, the absorbancé can be obtained as
have used the plane-wave extension method to calculate the

subband energies because of its accuracy. More recently, our |_0

group successfully used this method to determine subbands B 2 1

in the MQW'’s to evaluate absorption spectra broadening. A=In lo |0_In 1-8° (16)
One will see that, throughout this paper, we use this method 5—[3 )

to calculate subband energies which agree well with the ex-

perimental data. In the present case, by using this methodYhen the quantum efficiencg=0.99, the absorbancA

the energies of the two subbands in the wells are 46 and 174 4.6, and whern3=0.999,A=6.9. This result can be com-
meV above the bottom of the well, respectively. Taking intopared to our experimental data as shown in Figb) and
account theE, contribution, good agreement between thel(c) and 4b) and 4c).

expected and measured results is obtained. Thus we proposeFrom the description of the experiment and the schematic
that peakA corresponds to the 0—1 intersubband transitioninsets to Figs. (a)—1(c) and 4a)—4(c), it is apparent that
For peakB, we can calculate the plasma frequeney by  while 100% in-plane polarization of the electric-field com-
using Eq.(9). With Ng=4x10® cm3, £,=10.22* and¢  ponent of the incident light can be obtained, the maximum
=0.68 for the Al molar fraction ok=0.34, we obtain 10.8 perpendicular polarization is only 50%. The component of
um for the plasma wavelength. This value is in good agreethe parallel polarization is nonzero but also 50%. However,
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we can hardly find an in-plane plasma oscillation in Figs. n (em-3)
1(b) and 4b). In order to explain this phenomenon, we sche- 8 B 18
matically illustrate light passes in some detail in Fig. 2. Ex- m(? lm'o 910
1500
perimentally, the incident light can be regarded as many pai | theory 7
allel single lights. For the sake of simplicity, we draw only e experiment
five typical lines separated by an equal distance, as shown i
Fig. 2(a). These lights, with the same frequensyand initial
phase angled,, can be expressed ds=Fg exdi(wt—kr
+ 6g)], where the incident lights polarized perpendicular to
the quantum wells normally irradiate the sample at the 45°
beveled side. In Fig. (@), we can see that the distance be-
tween positions andb, b andc, ¢ andd, andd ande are
all the same. Thus the phase angles at pants, ande are
all the same. In addition, according to optical reflection
theory, after light reflection at the interface between the me
dium and air, the phase angle will change Taking this 20
aspect into account, the electric fields found at patraside
for line 3 have an opposite component of electric fiElds 25
along thex direction, as shown in Figs(2) and Zc). At the 30
same time, the electric fields at pomfor line 2 and at point P .
e for line 4, as shown in Figs.(8) and Ze), can completely 10 20 30
cancel out thd=,’s at pointsc ande for line 3, respectively. I x 1078
On the other hand, the upward electric-field components wils
be added to one another at poistande. As a result, the FIG. 3. Wave numbers of peaB measured from several
electrons can only absorb the electric-field component pefsamples with the same structure but different doping densities as a

pendicular to the MQW's, but cannot absorb that parallel tofunction of root doping density in quantum wells. The solid line is
the MQW’s. The same analysis is also valid for any pointcalculated using Eq(9).

within the sample, as shown in Fig(a2. Therefore, we can
only observe signals which stem from the intersubband tran- 1 ) _ A
sition, as shown in Figs.(b) and 4b). ns—5><.10l cm™ 2 (corresponding tdy=0.83x ;01 cm™).

As shown in Figs. () and 4c), when the incident radia- Accordmg to Eq.(9), the predicted plasma oscillation wave-
tion is polarized parallel to the quantum wells, we can clearly€Ngth 5 24.9 um (corresponding to wave number
observe the absorption spectra believed to be due to the i#01 ¢m ). However, Rosenchest al. observed an absorp-
trasubband transition. This implies that normal incidence caffon peak aiv=10.2um. This experimental value is much
also cause such a transition. In order to confirm this idea, wé&Wer than the predicted plasma wavelength. It is also worth
performed a normal-incidence experiment on the sam&0ting that the measurement performed by Rosenehar.
sample to observe the absorption signal. As a result, a weak@S at a much lower temperature of 15 K, while our mea-
spectrum at wave number 943 ch{which is same as peak surement was done at 300 K. In addltlon, our 'spectra are
B in Fig. 1(a)] with the same spectrum half-width was ob- much different fr_om these of Ref. 8 in shape. It is apparent
served. In this study, we used a waveguide approach rath&fat the absorption observed by Rosenckeal. was not

than a normal-incidence method to realize strong absorptiorf@S€d on collective excitation. On the other hand, our ab-
Finally, to confirm the origin of peaB in Fig. 1(a), sev- sorption result also cannot be explained by the hot-electron

eral samples with the same structure but different dopin .olor_netric effect. Therefore, we bellieve that plasma oscilla-
densities were measured. Figure 3 shows the experimentif" iS @ more reasonable mechanism than the hot-electron
data. We find that the frequency of peBkis linearly pro- bolometric effect to analyze our experimental results.
portional to the root of the carrier concentration. This result
is strong evidence to support our point of view: that p8ak
stems from the intrasubband plasma oscillation.

We are now in a position to discuss what is different here When the Si-doping density increases tex 80'® cm™3,
compared to the work of Rosenchetral.® who used a nor- the absorption spectra are much different from that of light
mal incidence to observe an intrasubband transition, and adloping in quantum wells. Figure(#@ shows the measured
tributed it to the hot-electron bolometric effect. However, absorption signals without using a polarizer. Five peaks, la-
they did not discuss the hot-electron signal as a function obeledA, B, C, D, andE, located at wave numbers 1309
doping density. When we consider the doping, the hot{7.7 um), 1207 (8.3 um), 988 (10.1 um), 968 (10.3 um),
electron bolometric effect fails in explaining our data. and 847 cm? (11.8 um), respectively, are observed. When
Whereas, if we use a collective excitation mechanism to statthe incident wave is polarized perpendicular to the quantum-
our experimental results, we find that the plasma frequencyell plane, only three absorption peaksB, andC are left,

w, is proportional to the root of doping density, as shown inas shown in Fig. #). On the other hand, when the incident
Fig. 3. We also used our plasma oscillation mechanism tdight is polarized parallel to the quantum-well plane, another
explain the experimental results of Ref. 8 tentatively. In Reftwo absorption peakB andE are left, whereas peals B,

8, the GaAs well widths were 6 nm, with a Si doping densityandC completely disappear, as shown in Figc)4

300K 8
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)
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115

B. Heavy doping in quantum wells
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FIG. 4. Absorption spectra for a typical samgéample 2 with
doping density & 108 cm™3 in MQW’s measured by using th@)
unpolarized incident lightgp) incident light polarized perpendicu-
lar to the quantum-well plane, arid) incident light polarized par-
allel to the quantum-well plane. In the insét,denotes the polar-
izer.

heavy doping. The intersubband transition spectra can be
well fitted by the Lorentzian distribution function, which is
given by

1 alT

N (B Eo- @)t (i) a0

where 7 is the carrier relaxation time. By letting,;—E,
—hw=0, the maximum Lorentzian is

L==—_. (18)
o

The energy separation between the center and half maximum
of the Lorentzian isE;—Ey—#Aw=2mchk,=1.55meV,
where the wave numbég, = FWHM/2=12.5 cni L. Then we
obtain

1 hlT
o (2mchiky)2+ (Rl 7)2

1

> L (19

Both Eqgs.(18) and (19) give a result ofr=0.42 ps. On the
other hand, the electron mobility for our heavily doped
samples measured at room temperature is about
4000 cn?/V s. Fromu=(e/m*) 7, a value ofr=0.15 ps can

be obtained. The relaxation timededuced from the spectra

is about three times as large as that obtained from the mo-
bility. There may be several factors that broaden the absorp-
tion spectra:(1) carrier lifetime,(2) nonparabolicity of the
in-plane 2D conduction subband§3) fluctuation of the
thickness of the well, an#) LO-phonon scattering. Among
them, LO-phonon scattering is the major mechanism to re-
duce the carrier relaxation time. Nonparabolic broadening
can be neglected because the depolarization effect compen-
sates for the line distortion induced by different curvatures of
the subband. In the case of mobility, we must consider addi-
tional scattering processes. They dfg ionized impurity
scattering,(2) deep center scattering3) neutral impurity
scattering,(4) deformation potential scattering5) piezo-
electric scattering(6) heterointerface roughness scattering,
and other unknown scattering processes. The scattering
mechanisms for the electron mobility are more numerous
than those for spectra broadening processes. On the other
hand, at room temperature, LO-phonon scattering is the main
mechanism to broaden the spectra. However, in the case of
mobility, at room temperature, in addition to the LO-phonon
scattering, other scattering, for example, deep center scatter-
ing and heterointerface roughness scattering, also make some
contribution to mobility. (The influence of heterointerface
roughness on mobility is more considerable than that on the
absorption spectra broadenipghus it is reasonable to pro-
pose that the relaxation timededuced from the mobility is
lower than that speculated from optical broadening. We turn
now to peakA. PeakA in Fig. 4(b), with a FWHM of about

35 cmi tis wider than others (25 cit). This implies that in
addition to the scattering-induced spectra broadening, as dis-

Let us now analyze the width of the intersubband transicussed above for bound-to-bound transition, we have to take

tion spectra. As shown in Figs(d) and 4b), the 0—1 inter-

into account the second-excited-state broadening. Because

subband transition spectra all exhibit the narrow full width atthis state is out of the well, it will be split into the continuum.

half maximum (FWHM) of ~25cmi'! for both light and

Therefore, spectrumd must be wider than the others. We
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refer the reader to Ref. 25 for further results on the bound-
to-continuum transition spectra width.

At the next step, we consider the intersubband transition X1
at room temperature. Prior to doing this, we have to deter-
mine the Fermi levels at light and heavy doping in the well.
For light doping (4x 10*® cm™3), the Fermi level is in the
minigap betweerk, andE; . In this case, we use the equa-
tion

sample 2

DLTS signals

ng= fo D,F(E)dE, (20) samplet

where the sheet doping density is given byNgxd=3.2
X102 cm 2 D, is the 2D density of state given by '

m* /7?2, andF(E) is the Fermi distribution function. The 100 200 300
solution of Eq.(20) is TEMPERATURE (K)

EFL: kT |n

whzns FIG. 5. DLTS signals measured from sample 1 with doping

exF{ m* kT) -1 (21 density 4<10'® cm3, and sample 2 with 810 cm 2 in the
MQW's. For sample 1, only one signal, labelBd due to electron

The subscript. denotes the light doping. This equation gives emission from the lowest subband to the,®& _,As conduction
a value ofEg=114 meV above the bottom of the well. This band, appears. For sample 2, in addition to pBakpeakA also
value is 69 meV higher thaB,, so the lowest subband can appears, which is due to electron emission from the first excited
be populated by all the electrons, while the first excited subsubband to the AGa _,As conduction band.
band can be populated by negligible electrons. On the other
hand, for heavy doping (810'® cm™3), the Fermi level is  With
above theE; level. In this case, the 0 subband is filled up

with electrons, and the first excited state, with a density of 1 Al

state of 2n*/ 742, which is twice as high aB, appearing in Ll:; (E;—Eq—fiw)?+ (hil 11)?’ (26)

Eq. (20), is expressed as follows:
1 leTz
n =JE1D dE+ fwzo F(E)dE (22) Lo=— 7 2 (27
s Ey 2 E, 2 . 7 (Es—E1—fhw) +(fil1)
The solution is whereF is the Fermi distribution function, andis the vec-
tor perpendicular to the growth axi&qy(k), E4(k), and
mh? E>(k) give the dispersion relations perpendicular to the
Epn=KT In) ex KT growth axis for the 0 and 1 subbands and continuum states.

7, and r, are the relaxation times which were discussed at
length previouslyA; and A, are the proportionality factors
—1] +E;, (239 including the dipole matrix elements, respectively. The ab-
sorption coefficientr,, is smaller thanyy,. PeakC, with a
where the subscripl denotes the heavy doping. Equation small absorption amplitude at 988 ¢y shown in Fig. 4b)
(23) gives the resulEz=223 meV, which is 52 meV higher may be due to one or two quantum wells with well widths
than E; (171 meVj. By using the Fermi energfer—E;  larger than the designed value during the growth process.
=52 meV for the heavy doping at room temperatuFe, We now turn to the intrasubband transitions. Using Eq.
(300 K)=0.88. Therefore, the population for the lowest state(9), the predicted plasma frequency for pe@aks 905 cnm*
is No=Ng/(1+0.88)=4.26x10'® cm~3, and that for the Wwhich is close to the measured value of 968 ¢émand that
first excited state is N;=0.88Ny/(1+0.88)=3.74 for peakE is 849 cmi!, which is very close to measured
X 10'® cm™3. Considering the contribution of the enery ~ data at 843 cm'. The measured spectra are shown in Fig.
to E},, the value of 1208 cm* (8.3 um) is close to the 4(C).
experimental value 1207 c¢m (8.3 um). Because of the sub-
band filling effect, in addition to the 0—1 transition, the sub- C. DLTS results
band 1 to continuum state transition will occur. The absorp-
tion coefficients for 0—1 and 1—@ontinuum statesubband
transitions appear as follows:

X

m*
Ns=—3 (E1—Ep)

To identify the subband population, a DLTS measurement
was performed on lightly and heavily doped samples. Figure
5 shows these results. For a doping density of 4
X108 cm™2 (sample 1, only one signal, peaB, with an
am(ﬂ)):Alf d*k F(Eo)[1~F(Ey)]L(E;—Ep—tfiw), activation energy of 0.280.02 eV below the top of the well,
(24) can be seen. When the well doping density increases to 8
x 10* cm™3 (sample 2, in addition to signalB, peakA,
with an activation energy of 0.110.02 eV, appears. These

_ 2 _E. _
alZ(“’)_AZJ d%k F(E)La(BEo—Ea—fw), (29 activation energies for signals andB are very close to the
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calculated subband energies, which are 0.21 and 0.09 eplasma frequency is linearly proportional to the root of dop-
below the top of the wells for 0 and 1 subbands. We furtheing density in MQW's. In the case of light doping (4
repeat the DLTS measurements with Schottky diodes made 10'® cm™3), we need only take into account the intrasub-
on the same sample after removing the MQW’s by chemicaband transitions in the lowest subband. In the case of heavy
etching. Peak# andB, believed to be due to quantum-well doping (8< 10'® cm~3), however, in addition to the lowest
emission, are significantly absent. Though the experimentalubband, the plasma oscillation in the first excited subband
results have some uncertainty, the measured activation enefas also observed due to the upper subband filling. The
gies are in good agrement with the caculated subband enesigreement between the experiment and the calculation re-
gies. sults was obtained. The subband energy levels identified by

DLTS measurement can be compared with the calculation

V. CONCLUSION results and the absorption data on the same samples.

In conclusion, we observed intersubband and intrasub-
band transitiops in GaAs/QGgi,?(As MQW'; with Iight and ' ACKNOWLEDGMENTS
heavy Si doping, when the incident light is polarized in di-
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