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Grazing-angle intersubband absorption inn-doped GaAs multiple quantum wells
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We present a study of the mid-infrared intersubband absorptiomdoped GaAs/AlGa ,As multiple
guantum well§MQWs) for various internal incident angles. Above 45° incidence we show that the traveling-
wave approximation is not valid: redshifts of the absorption peak are observed, strikingly additional peaks
appear for thick structures, and the strength of absorption does not necessarily increase with the incident angle.
The understanding of such complex absorption behavior requires considering the quantum well as an absorbing
uniaxial material and taking into account the multiple reflections of the light inside the MQW.

The intersubband absorption in multiple-quantum-wellprojectionk, is an invariant during the propagation of the
(MQW) structures has been studied intensivetydoped light in the structure and it is fixed by the incident angle. The
quantum well{QWs) are uniaxial materials featuring a mid/ variablen, stands for the ordinary index of the well material.
far-infrared(IR) absorption for light polarized perpendicular The intersubband(intrasubbang susceptibility x;sa(xp)
to the layers. Provided the absorption is strong, the lowmodulates the index of the two-dimensior(@D) electron
coupling Brewster angle configuration is commonly used tyas along the growth axis(in the QW plang?
measure the intersubband absorption. In this low-efficient- gqr high-coupling configurations such as zigzag
coupling scheme, the traveling-wave approximati®®/A)  waveguides;* a strong intersubband susceptibility can in-
is usually applied to this multilayer anisotropic material. Theduce evanescent waves in the QWs which lead to significant
intersubband resonance peak observed at the Brewster anglfiections of the light at the well/barrier interfaces. Zayz
corresponds to the splitting ener§y,; between the first two  and Nalewajkd predicted that the multiple reflections inside
subbands modified by collective effects during the absorpthe MQW structure will be able to modify the absorption
tion procesgdepolarization and exciton shifts The magni- spectrum significantly, especially for thick structures. Their
tude of the absorption line at the Brewster angle gives googhodel also shows that the absorption spectrum depends
insight into the intersubband susceptibility. Under this ap-strongly on the different ordinary indices in the well and
proximation the IR absorbance is proportional to the numbepgyrier. With thep>45° zigzag configuration, a large num-
of wells, the intersubband susceptibility, and the couplingher of wells, and a strong intersubband susceptibility, a red-
factor sirf g/cose, whereg is the angle of incidence within  ghift of the observed resonant absorption is predicted. For
the sample. very thick MQW structures and for specific incident angtes
_ The traveling-wave approximation at the Brewster angleof the light onto the QWs, satellite peaks far detuned from
is valid up to a maximum product between the oscillatorthe resonanc&,, are also expected. Qualitatively, the red-
strength and the average doping density in the QW of abouhift can be explained by the strong decrease of the real part
10'"cm™>. Above this limit, the refraction law in QWS, as of the extraordinary dielectric constant when the photon en-
dictated by the ellipsoid of indices, will induce a blueshift of ergy is higher thart,,.® At grazing anglesp, Eq. (1) shows
the imaginary part of the wave vector inside the QWs and ahere is a wide region of photon energy above the quantum
Significant Change for its real part. Consequently, after mUITesonanciZI for which the imaginary part Okz is h|gher
tiple reflections of the light inside the heterostructure, theihan its real part: in other words, the wave is mainly evanes-
peak of the intersubband absorption will appear at slightlycent in the QWs. If the MQW is thick, and if the multiple
different energy than the depolarization-shifted transition en'reﬂections are neg'ected, the IR ||ght will not propagate eas-
ergy E,;. The refraction law in uniform uniaxial materials is jly through the structure and, as a result, the absorption will

represented by the equation be strongly reduced in this spectral range. Figure 1 illustrates
5 5 this effect in the particular case of a square quantum well

, K ks with a 100 meV depolarization-shifted resonarigg. A Q
ko= nS+XD + ”§+X|ss' @) factor of the intersubband oscillator of 10 was chosen, mean-

ing that, at the Brewster angle, the full width at half maxi-
wherek, is the wave vector in vacuum akd andk, are the  mum (FWHM) of the absorption spectrum is 10 times
wave vector projections inside the QWs, in the directionssmaller than the photon energy at the absorption peak. The
perpendicular and parallel to the layers, respectively. Thaverage carrier concentration in the well i 40" cm™3,
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The IR light is at normal incidence onto the polished facet. There is
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thickness are such as to obtain maximum infrared throughout.
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FIG. 1. Simulated projection of the wave vector along the

growth axis of a GaAs quantum well for two internal incident
anglese in the GaAs substrate. The quantum resonance is fixed 468AS (001) substrate. These wafers were chosen to test the

100 meV, and theQ factor of the infrared oscillator is 10. The theoretical predictions of Ref. 5: they contain a large number

dashed lines represent the imaginary parkgf the solid lines its ~ Of QWS, they do not have contacting layers as in QWIPs, and
real part. the transitions are bound to bound. Unlike in the simulation

of Ref. 5 the quantum wells of wafefsandB are not square

The figure shows the real and imaginary partgghside the ~ Wells. However, the difference of indices of refraction be-
QW for two incident angles in the GaAs substrate. Howevertween the barrier and the intermediate barrier is too small to
this simple interpretation with evanescent waves is incominduce large changes in IR absorption.
plete: it shows only the spectral range where deviations from SampleA is a 100-repeat quantum-well structure. Each
the TWA can be expected and it forgets that evanescereriod consists of a 200 A pLGasAs barrier, an 80 A
waves can induce significant reflections of the light at theGaAs well with a Sié doping of 5<10'*cm™, a 56 A
well/barrier interfaces. To predict quantitatively the intersub-Al o sGa 7As intermediate barrier, and a 67 A ALGa gsAs
band absorption it is essential to include the multiple reflecsatellite well. By design, the first excited state of the wide
tions due to these evanescent modes; this can be done visggdantum wellE1,,, is approximately in resonance with the
multilayer calculation in uniaxial mediéhe local approagh  ground state of the satellite wellOs(E1,,=EO;). Because
or by using an effective-medium approathihe simulations  of the weak-tunneling coupling through the intermediate bar-
show that the multiple reflections of the light between therier the anticrossing between these levels is only 5 meV. At
well/barrier interfaces can shift the apparent resonance anthe Brewster angle and frpolarized infrared light, a single
in certain conditions, they can induce additional absorptior-orentzian absorption line was observed at 128 meV with
lines. The electromagnetics of this problem is such that th8% peak value. Actually, the Lorentzian shape suggests that
interpretation of these features in an intuitive picture is renthe relative position betwedal,, andEQg is not appropriate
dered difficult. to obtain the anticrossing at zero electric field. Indeed, it has

Experimentally, the intersubband absorption in zigzagbeen theoretically demonstrated that the exact anticrossing at
waveguides has not been studied and analyzed in detail. izero field occurs whee0s=E1,,+ AE, where AE is the
thin MQW structures Kanet al” and Schneideet al® dem-  depolarization shift?
onstrated the importance of interference between the incident SampleB is the same as that reported in Ref. 9. It is a
and reflected waves at the semiconductor/metal an@00-repeat step quantum-well structure, each period consist-
semiconductor/air interfaces. For thick structures and foing of (60 A GaA3-(45 A Al odGayqAs) and a 300 A
large internal incident anglegs, the TWA is normally used. Aly3dGa g/AS barrier. The nominal carrier concentration is
However, in a sum-frequency generation experinféntyas ~ 1.2x10'2cm™2 At the Brewster angle, a 22% absorption
shown that multiple reflections of the pump light inside thepeak centered at 111 meV due to the intersubb&dd
MQW at ¢=77° had to be taken into account. More gener-—E2 transition is measured.
ally, the effect of multiple reflections could be important to ~ With wafer A, four 4x 12 mn? zigzag waveguides were
determine the optimum conditions in nonlinear optical ex-made witho=45°, 60°, 70°, and 80¢Fig. 2). Mesas were
periments using intersubband transitidAg\lso, the under- etched to define a region interacting with the IR radiation.
standing of intersubband absorption at grazing angle iFhe length of the mesas and the total length of the four
highly beneficial for the optimization of quantum-well infra- samples are such that a maximum throughput is obtained
red photodetector®QWIPS9, where the IR light is coupled with only one reflection at the MQW/air interface. On these
through diffractive gratings. Experimentally, it has beensamples two 4-mm-wide stripes were etched to study the
found that the optimum grating at the peak wavelengthabsorption of 100, 66, and 33 QWs. Samplavas simply
hc/E,, is obtained at a diffraction angle such that sip  processed as a 60° zigzag waveguide without optimizing the
~0.9M112The inefficiency of sinp~1 diffraction gratings is  length and thickness. The intersubband absorption is mea-
attributed to the rapid cutoff of the grating at longer wave-sured with a Fourier transform infrared spectrometer. The
lengths. Would it be possible to explain the failure of thesepolarized infrared beam is focused onto the polished facet of
gratings by multiple-reflection effects inside the MQW? the samples with af/10 effective numerical aperture optics;

Detailed intersubband absorption measurements at grathe transmitted beam is recorded with a HgCdTe-cooled de-
ing angle have been performed on two wafédsand B)  tector. The in-plane polarization spectra are used as refer-
grown by molecular-beam epitaxy on a semi-insulatingences. The samples are mounted on the axis of a rotation
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For clarity, the spectra are vertically shifted by 0.5. The vertical ]
dashed lines are drawn to guide the eye. FIG. 4. Room-temperature transmittance spectra on wafatr

six internal incident angles. For clarity, the spectra are vertically

stage for adjustment of the incident angle. The polished facShifted by 0.35.
ets of sampleA are illuminated at normal incidence. For
sampleB, the angle of incidence onto the 60° facet is ad-meV) and high frequencie€l30-150 meY, i.e., in a spec-
justed from 40° to—-10° so that, internally, the grazing angle tral range where the absorption at the Brewster angle was
¢ varies from 71.2° to 57°. Thé&/10 focusing optics means negligible? When adjusting the incident angle the position of
that, internally, the incident angle onto the QWs variesthe high-frequency peak can be tuned continuously from 117
within ~=*1°. to 150 meV. As illustrated on Fig. 1, the=66°—-69° range
Figure 3 represents the experimental results of waAfer corresponds to the situation where the spectral width of eva-
for the four sets of waveguides and the three MQW thick-nescent modes is very sensitive to the angle. At grazing
nesses. For the three MQW thicknesses the maximum intexngle(71.29 a clear 10 meV redshift of the absorption peak
grated absorption is obtained betweer 60° and 70°. At is observed.
large angle(¢=80°, sing=0.99 there is a clear decrease of  Simulations of these experimental results were performed
absorption. This observation is consistent with the ineffi-oy a multilayer calculation based on the transfer-matrix
ciency of sinp~1 diffraction gratings in QWIPs. With 100 method in uniaxial materials. For the simulations these
and 66 QWs, a redshift of the absorption peak at 70° can bdouble (sampleA) or step(sampleB) quantum wells have
observed. At grazing angke=80° the redshift is substantial been simplified to square quantum wells with a widltg,y
for thick MQW structureg10 meV with 100 welly whereas compatible with the extent of the ground wave function.
this shift is barely noticeable in thin structuréwith 33  These square QWs have unity oscillator strength between the
QWs). A look at the maximum absorption valuk,,, of  first two subbands and the energy separafignis 124 and
these spectra indicates that the traveling-wave approximatiob03 meV for sample# andB, respectively. The carrier con-
Amac=1—exp(NowAow), Where Ngy is the number of centration in the well is adjusted to fit the magnitude of the
wells andAqyy is the absorption of one QW, does not apply Brewster absorption, i.e., 4210 and 5x< 10 cm ™ for
when ¢=60°. For example, at 60° and 70° incidence, thesamplesA andB, respectively. The results are not very much
maximum absorption strength remains approximately uninfluenced by the poorly defined QW effective thickness,
changed between 66 and 100 wells. since a largeL o would be compensated by a smaller av-
The results for wafeB are displayed on Fig. 4. These erage carrier concentration in the well. We note that the non-
spectra take into account the different Fresnel reflectioriocal effective-medium approach developed in Ref. 3 re-
losses between the perpendicular and in-plane polarizationsolves this difficulty. The chosenQ factor of the
The values ofp are estimated withint1.5° accuracy. Two intersubband oscillators corresponds to the measured FWHM
main peaks are observed: a structure between 90 and 140 the Brewster absorption profilé®=9 and 10 for wafers
meV and a smooth absorption line centered at 210 meV. Tha and B, respectively. The simulations are averaged over
latter comes from the intersubband transiteh—E3. The  +1° around the central angle to take into account the fo-
reduced sensitivity of th&e1l—E3 absorption line shape cusing of the IR beam. Even though the experimental angles
with respect to the incident angleis attributed to the small ¢ are known within=1.5° accuracy, we did not try to adjust
oscillator strength between these two states. Ele~E2  the angle for better fits. The dielectric constants of the well
absorption line centered at 100-110 meV evolves verand barrier are calculated using the classical models. We did
quickly from 66° to 69°: the center of mass of the peak isnot adjust any numerical values to fit the experimental re-
redshifted and additional structures appear at Iowd0  sults.
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FIG. 7. Room-temperature transmittance spectra of wafet
FIG. 5. Simulated transmittance spectra for waefFor clarity Brewster incidencde=17°, dashed lineand for ¢=70° (solid
the spectra are vertically shifted by 0.5. The vertical dashed linegine). The thin-line curve is a simulation of the=70° transmit-
are drawn to guide the eye. tance spectrum.

The results of these simulations are shown on Fig. 5iPle reason may come from the geometry of the 60° zigzag
(sampleA) and Fig. 6(sampleB). For sampleA, the simu- waveguide. Its length and thickness are not optimized for
lation fits the experimental spectra of Fig. 3 very well. TheMaximum throughput, which might result in a significant re-
amount of redshift is exactly predicted for grazing angles andlection of the IR beam at the output polished facet. Eventu-
the magnitude of the calculated absorption agrees very weft!ly, these reflected beams travel back to the MQWSs, change
with the experimental data. Fitting the experimental result¢e field profile inside the MQW, and, finally, randomize the
of wafer B with simulations was thought to be more chal- absorption of the Well_s. Con_S|der|ng that no f|tt|ng_pqrameter
lenging because of the numerous structures in the absorptidiS Peen used, the simulations give a good prediction of the
spectra. Actually, the calculated absorption spectra as diOmPplex intersubband absorption in thick MQW structures.
played on Fig. 6 fromp=56° to 73° show a good agreement Finally, a QWIP structure was tested. Sam@lés a 100-
between experiments and theory. For instance, ¢at repeat square quantum-well structure. The well width is 66
—70°~71° the predicted features at [690 me\} and high A doped to an equivalent 2D density ORN.=1.5
(130—140 meY frequency were observed experimentally at % 10*cm ™, and the+A$_lnga)_808As barrier is 250 A wide.
¢=68.7°+1.5°. We notice that the model suggests sharper N€ top and bottom™ GaAs contacting layers are 4000 and

. . . 8 73
structures than have been observed experimentally. One pa3200 A thick, respectively, and Si doped 20" cm™®.
The sample was polished into a prism: the entrance facet was

polished for an internal incidence angpe= 70° and the exit
facet was polished at 56° to allow maximum throughput of
p-polarized light(approximately the Brewster angle at the

o semiconductor/air interfageThe experimental and theoreti-

69 cal spectra of the 70° waveguide are displayed on Fig. 7 as
67° well as the transmittance for Brewster incidenge=(17°).

In accordance with absorption measurements at the Brewster
angle, we used the following parameters for the simulation:
63° E,;=115.5meV, Q=5.5, and a 3D densityN;p=1.4

x 10 cm™3. Because our Lorentzian model is applied now
to a case with bound-to-extended transitibhlyy is smaller
thanN./(66 A). Two absorption peaks are observed experi-
mentally: an intense and narrow line at 104 meV and a broad
feature at 195 meV. At the Brewster angle the absorption
was too weak to be measurable at these photon energies. The
predicted positions of the resonan¢&$0 and 185 meyare

in close agreement with the experiment but the strength of

¢=73°

Perp-plane/ in-plane

an

0 NI 4 . — absorption is overestimated by our model. We attribute this
80 100 120 140 160 180 discrepancy to the bound-to-extended nature of the transi-
Photon Energy (meV) tions, while our model uses an intersubband susceptibility

based on a Lorentzian resonance. As seen with wéfenrsd
FIG. 6. Simulated transmittance spectra for waeFor clarity B, this problem is less a concern with bound-to-bound tran-
the spectra are vertically shifted by 0.2. sitions. We found that the 8000-A-thick’ contact had to be
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included in the model to simulate the peaks at 110 and 18%he surprising extra structures far detuned from the resonance
meV, indicating the influence of cavity effects above thecan be explained by considering the well as a uniaxial ab-
substrated™ GaAs critical angle. When tuning the incident sorbing material. We attribute these effects to the intersub-
angle we observed the position of the high-energy peak shifthand susceptibility, which induces evanescent waves inside
ing very quickly, while the position of narrow peak stays the quantum wells and, consequently, significant multiple-
almost unchanged. The simulations indicate that the highreflection effects inside the MQW structure. We saw that the
energy peak195 me\j corresponds to the situation where contacts in quantum-well infrared photodetector structures
the radlatlczn leaks into the MQW, i.ep,is smaller than the  change the absorption significantly. This method of looking
substrated ™ GaAs critical angle when <6.4um. The low- ¢ the intersubband absorption might be important for opti-

energy peak104 meV corresponds to the coupling of the i, 4ti0n of grating-coupled quantum-well infrared photode-
radiation into the waveguide formed by the MQW for thetectors

core and by the* contact layers for the cladding.
To conclude, we have performed intersubband absorption The authors thank Dr. Julien Nagle from the Laboratoire
measurements at grazing angles by using various multicentral de Recherche, Thomson-CSF, for making the 200-

bounce waveguides. We have shown that above 45° inCrepeat MQW sample available to this study. This work was
dence the traveling-wave approximation is invalid. The redsypported in part by DND.

shifts of the absorption peak observed at grazing angle and
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