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Vacuum-field Rabi splitting in quantum-well infrared photodetectors
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The vacuum-field Rabi splitting due to bound-to-quasibound intersubband transitions in GaAs quantum
wells has been demonstrated. A waveguide was designed and the infrared light was resonantly coupled inside
with a prismlike technique. Reflection and photocurrent spectra show sharp Rabi doublets. The infrared detec-
tivity of such a structure was investigated with temperature. We have proved that the vacuum-field Rabi
splitting of intersubband absorption is easy to observe and has potential applications in optoelectronic devices.
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[. INTRODUCTION and a slab waveguide is formed. These waveguiding effects
cannot be ignored and we proposed to take advantage of

The observation of a strong coupling between infraredhem in the design of quantum-well infrared photodetectors
radiation and the intersubband transitions in quantum well§QWIP'S) operated at high temperature. The principle con-

(QW’s) has always been challenging, mainly due to the dif-SiStS Of exciting a waveguide fundamental mode in close
ficulty of generating and manipulating intense infrared co-resonance with the mt_ersubband_freque_n_cy. Th'$ Woulc_i Sl-
multaneously lead to high absorption efficiency with a mini-

herent waves. With the development of mid-infrared Shortmal doping level in the wells. Therefore the detectivity at
pulse sources, several groups demonstrated the coherent m'gh temperature would be improved

tersubband g’o'a}”za“éﬁ and the optical free-induction de- ™\, s stydy, the vacuum-field Rabi splitting was easily
cay in QW's> With more intense sources, partial Rabi flop- ghservable as a result of the reduced dephasing rate of the
ping could be 5_6‘30’” and very recently, complete phase jntersubband coherence in our samples which enhances the
reversal of the intersubband pOlarlzatlon was Obsefved.peak absorption_ The ana|ysis of the Spectra gives rise to new
Semiconductor microcavities, with high quality factors, arequestions, such as the possible influence of the continuum
also very effective in achieving strong coupling betweenstates on the Rabi doublet. The paper is organized as follows.
long-lived photons and excitonic systems. Vacuum-field Rabin Sec. I, we show results of reflection measurements dis-
splitting in GaAs/AlGaAs microcavities was observed in playing unambiguous vacuum-field Rabi splitting; in Sec. Il
1992° and, subsequently, the Bosonic properties of polariwe discuss the physics involved and model the observed
tons have been intensively explorgd.In 1997, A. Liu es-  spectra; in Sec. IV the electrical performances of one of the
timated the Rabi splitting of intersubband transitions in anstructures are reported and, finally, we conclude.
asymmetric Fabry-Ret microcavity and, earlier this year,

an Italian team made the experimental demonstration of the IIl. OPTICAL MEASUREMENTS

effect® It is to be hoped that, as in excitonic systems, this A structure, called NT3429, was designed in order to
work will initiate new studies on intersubband transitions ingyerlap the frequency of the waveguide mode with that of
strong-coupling regime. The system of Ref. 10 is based on ¢he intersubband resonators at Brewster incidence on the
waveguide resonator and bound-to-bound transitions. Theleaved facet. The designed waveguide uses a combination
work reported here is also based on the coupling of intersubof dielectric and surface plasmon confinements. This type of
band dipoles with a waveguide resonator. In our case, boundvaveguide leads to strongly confined TM modes with a re-
to-quasibound transitions are involved. We show that the exduced epitaxial thickness. Indeed, to observe the same ex-
act profile of the Rabi-splitted spectra are complex and noperimental effect without the surface plasmon confinement,
easy to model, even when trying different QW dielectricthe core of the waveguide would have needed to be 43%
functions. We demonstrate that intersubband Rabi splittinghicker. The sample was grown by molecular beam epitaxy
can be used in optoelectronic devices. on a 3-in.(001) GaAs semi-insulating substrate. It consists of
This work was inspired by our earlier experiments on in-a 140-repeat MQW structure embedded between a 0.4-
tersubband absorption and photocurrent at grazing interngtm-thick n* GaAs top contact layer and 0;8m n* GaAs
anglest! In Ref. 11 we showed that the absorption profile bottom layer. The Si-doping level in the contacting layers is
can be fairly complex at large internal incidence. We also2x 10%cm™~3. The period of the MQW consists of a 60-A
showed that one can excite resonant waveguide modes BaAs quantum well and a 290-A §,Ga, ;As barrier, the
standard multiple quantum-we{fMQW) structures. Subse- center 200 A of this layer being uniformly doped with Si at
quently, we have demonstrated a similar effect in photocura concentration of 8cm 3. The equivalent two-
rent spectroscop¥? At large internal angles, the contact lay- dimensional (2D) electron density in the wells is 2
ers above and below the MQW can act as cladding layers 10'%m™2. Practically, the structure is nothing but a stan-
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FIG. 2. Normalized ratios betwedmpolarized ands-polarized
transmittance of the waveguide sample for different incidence on
the cleaved facet. The spectra are normalized to unity at around
04—y = = = = 700 cm * and, for clarity, the spectra are shifted relative to each

other by 0.12. The dashed curve is #polarized transmittance of
the wafer near Brewster incidence (70°) on the plane of the layers.
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FIG. 1. Schematic of the prismlike coupling technique to couplecondition describing the constructive interference of parallel
the infrared light into the QWIP waveguide. The inset plot showsrays inside a waveguide. The contribution from the phase
the reflectivity ofP-polarized light of the 8000-A* GaAs bottom  shift on reflection is neglected in this equation. From
layer for two wavelengths, 10 and Jdm. The right scale of the 6,=70° to §,=90° the resonant frequency will be lowered
inset plot shows the relation between the external incident angle oby about 100 cm®. The waveguide is designed to be par-
the facetd, and the internal incident angl, . tially leaking into the substrate with the help of the thin

bottom contact layer. The reflectivity of the bottom mirror,
dard QWIP structure designed for a wavelength detection ar1, is wavelength dependent due to the free-carrier absorp-
11-10um, the only differences being the small doping leveltion (inset of Fig. 1. Therefore a reduced internal incident
(~20 times lower than what is used for thermal imaging angle #; will redshift the resonance and, as a result of a
and the number of repeats-@ times more wells than in higher reflectivity of the bottom mirror at longer wavelength,
thermal imaging The x-ray-diffraction rocking curve re- the quality factor Q facton of this prismlike waveguide
corded with a*= 3.6 arc sec resolution suggests that the quanresonator will increaseQ is calculated to be 11 at 73° inci-
tum well thickness is 60.1 A, the barrier 286 A, and the Al dence and 14 at 90°.
content of the barrier 0.1970.01. Secondary-ion mass spec-  The transmission spectrum of the wafer was measured at
troscopy(SMIS) indicates, within the accuracy and sensitiv- 80 K, with P-polarized infrared light at Brewster incidence
ity of the technique, that the actual Si concentrations in thg70°) on the plane of the layers. For the reference sample of
structure are close to the nominal values. this absorption measurement, we first took a piece from the

Figure 1 is a schematic of the coupling technique used irame wafer with the epilayers removed and we measured the
most of the experiments reported in this pagepolarized  transmission foP-polarized light; then we repeated the same
infrared light is directed onto the cleaved facet, refractedmeasurement with the epilayers on the substrate. With this
inside the substrate and, if the in-plane wave vector of theneasurement at Brewster we avoid the effect of the wave-
radiation matches the effective wave vector of the waveguidguide and we can get the exact resonance frequency of the
mode, the light is efficiently coupled inside the slab wave-intersubband transition. The resolution of all the spectra pre-
guide. This results in the reflection from the MQW being sented here is 8 cnt. In Fig. 2 (dashed curvewe identify
attenuated. Changing the internal incident angléoy A 6, a small dip of~1.5% at 920 cm?'. The magnitude of ab-
will shift the resonant wavelength of the resonatgy by  sorption is consistent with bound-to-quasibound transitions.

AM, according to The full-width at half maximum(FWHM) of the peak is
~18 cmi . This FWHM is small for such thick structure
AN, sin ¢;cosé), and for bound-to-quasibound transitions. According to simu-
No = ne\? ) O @ lations, this FWHM of 2.2 meV could be limited by the
(n—s) —(siné) tunneling of the first excited state to the adjacent wells. If

this small intersubband broadening is limited by tunnelling,
wheren. and ng are the indices of refraction in the MQW it implies that other mechanisms of scattering such as
and the substrate. This equation is derived from the phaseptical-phonon emission and interface roughness are not
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very effective. Scattering by interface roughness is signifi- LN L AL LI LI Y5 & -7 2N
cant for thin (below 100 A quantum well$3* For this ; 140 QWs
bound-to-quasibound transition where the exact eigenenerg 80
and wave function of the excited state are uncertain, the 7%
lower limit for the optical-phonon scattering time would be
7~1 ps. Therefore this scattering mechanism would contrib-
ute, at most, fori/ 7=0.6 meV of the line broadening. More
sophisticated experiments would be required to distinguish
between the different sources of intersubband line broaden
ing. New wafers with bound-to-bound transitions will be
tested soon.

A 25/2000 A Ti/Au mirror was deposited on the epilayers .
and the sample was cleaved to a length Bfr2<d, wheren
is the index of refraction of GaAs at 1&m, andd the
thickness of the sample. With this parallelogram, the light
bounces once on the epilayers and maximum throughput i
insured. The sample was mounted inside a liquid-nitrogen
dewar, which was mounted on a rotating stage. Transmissiol
of P- and Spolarized light through the parallelogram was
measured with a Fourier transform infrared spectrometer. e
The focusing optics has an aperturef 0, meaning that the
angular distribution would have aelividth of £6.3°. Our
measurements are therefore convoluted by a Gaussian distr
bution of angles. The set of spectra of Fig. 2 shows the ratic
betweenP and S polarizations. At~700 cm'%, i.e., in a 80K
spectral region far from the waveguide and intersubband L S S B B S I I
resonances, the QWIP structure is very reflective. The ratic 700 800 90 1000 1100 1200 1300
P/S at 700 cm * should then be calculable by Fresnel laws. Wavenumber (cm™)
We have checked that this ratio is close to the predicted
values, confirming that the incident angles are correct within  FIG. 3. RatiosP/S (solid lines of four waveguide structures.
+1.5°. In Fig. 2 we have plotted the spectra normalized atf he dashed lines rgprgsent theolarized transmittance of the wa-
734 cmi'! and vertically shifted for clarity. Very intense fers near Brewster |n::|.dence(70°) on the plane of the layers. Spec-
negative peaks in the QWIP reflection are observed. The u ra at 73, 80, and 88° incidence on the cleaved facet are plotted for
per branch, at 980—1000 ¢rh is narrower as the incident the four samples.
angle is closer to 90°. Even though not very visible on this
plot, the opposite phenomenon is happening at the lowetun fluctuations of the growth. From x-ray-diffraction mea-
branch (880—890 cit), i.e., the FWHM of this peak in- surements, the derived quantum well thickness are respec-
creases with the incident angle. At 90°, the FWHM of bothtively 63.2, 64.3, 63.9, 59.1 A, the barrier thickness: 298.5,
peaks are comparable, indicating that the anticrossing is aB02, 300.5, 292 A, and the Al content in the barrier 0.193,
most reached. Close to Brewster incidence on the cleave@®.197, 0.20, 0.2360.01. Taking the optical thicknesst
facet, we see on the high-energy side of the lower branch 820 cni'!) of the MQW of NT3555 as unity, the optical
shoulder whose position matches exactly the intersubbanttickness for NT3554, 3556, and 3557 are respectively
resonance (920 cnt). At 90° the intersubband resonance 0.9178, 1.0650, and 0.9533. The same reflection experiment
appears as a tiny dip in between the two branches. A positivat grazing internal incidence has been carried out with these
peak ranging from 1100 to 1200 crh depending on the wafers. Results are summarized in Fig. 3.
angle of incidence dominates the high-energy side of the As the incidence is increased on the facet of NT3554, the
upper branch. This peak is the signature of a weakly confinedpper branch is redshifted and its FWHM decreases. Overall,
TE mode. the lower branch is closer to the intersubband resonance than

The structure NT3429 was studied in detail optically andthe upper branch: the waveguide cavity is positively detuned
electrically. However, exact anticrossing was not reachedvith respect to the intersubband resonance. For NT3555, the
with this structure. Therefore four more wafers NT3554,anticrossing happens at 90° incidence. For this incidence the
3555, 3556, 3557 with different thickness have been grownEWHM of the two peaks are similar{52 cm *). We define
They were similar to the first structure NT3429, except forthe occurrence of anticrossing when the two branches are
the nominal Al content in the barri€22%) and the number equally spaced from the intersubband resonance. The thick-
of repeats. They contained 130, 140, 150, and 140 repeatest sample NT3556 shows an anticrossing-aB°. At this
respectively, in order to change the thickness of the waveangle the FWHM of both peaks is alse52 cm . This
guide, and therefore to tune the relative position of the wavevalue matches the theoretical value of half the sum of the
guide resonance with respect to the intersubband resonand@VHM of the intersubband and waveguide resonantés.
The wafer NT3557 is a repeat of NT3555 within the run-to-large incidence (88°) the upper branch has a slightly smaller

NT3556
.................................. 150 QWs

o
©
i
0 34
S~
o

NT3555
140 QWs

NT3554
130 QWs

245320-3



DUPONT, LIU, SPRINGTHORPE, LAI, AND EXTAVOUR PHYSICAL REVIEW B58, 245320 (2003

L L L L A e e e e L T T T T T T
1020 ] —Lorentz model 1 14
h BRR Empty-cavity/ISB resonances 1
1 = Experimental
1000 - ] =
] . c
—~ ] Ry
T 980 ae ] ®
§ ] - ] @
8 0] e ]
£ ]
2 ] b
@ 940 h
2 1 . 1 o \ Exp. 80K R
= 020 ] ISB ] 700 800 900 1000 1100 1200 1300 1400 700 800 900 1000 1100 1200 1300 1400
900 3 3 ] R
] | L] u ]
880 L. u ] =
T LN SN N R RN LA R LA N c
1.00 1.01 1.02 1.03 1.04 1.05 >
1/sing, n
a
FIG. 4. Wave number of the upper and lower branches of the
vacuum-field Rabi effect versus the inverse of the sine of the exter- infinite
nal angled, . The dashed lines represent the position of the inter- | (c) barrier model oL@ Miniband model
subband oscillatofas measuredand waveguide resonatéas cal- 700 800 900 1000 1100 1200 1300 1400 700 800 900 1000 1100 1200 1300 1400
culated. The solid lines are the theoretical peak positions of the Wavenumber (cm‘1) Wavenumber (cm'1)

Rabi splitting using a Lorentzian model for the imaginary part of

the QW dielectric function. The squares represent the positions of FIG. 5. Panela): P/S ratios of wafer NT3429 for 75° and 88°

the upper and lower branches in Fig. 2. incidence on the cleaved facet. Pan@s-(d): Simulations ofP/S
ratios using different dielectric functions for the quantum wells.

FWHM than the lower branch. On wafer NT3557 the anti- Panel(b): Lorentzian model with unity oscillator strength. Panel

crossing occurs also at 78°. Beyond this anglénegative  (c): Bound-to-quasibound and bound-to-extendeq tr_ansitions as-

detuning one can observe a rapid change of the FWHM ofsumir?g infinite wide barriers. Panél) same agc) with interwell

the two branches due to the large difference of dephasingPupling included.

rate of the two resonators. Again, for these fours Wafersdependence of the high-frequency dielectric constantn
between the two polaritons branches, more precisely at thg5,as alloys is not very well known. With the correction

intersubband resonance of the QW's, we observe a dip 0 g, the index of the barrier we get a reasonable fit of the peak
shoulder in the reflection spectra. Having demonstrated thg,citionsl® The Lorentzian model also predicts the small dip

anticrossing, the rest of the paper focuses on the first samp d shoulder at 920 cit. The simulations performed with

(NT3429. the parameters of samples NT3555, 3556, and 3557 under-
estimate the minimum Rabi splitting by about 20 ¢m
I1l. MODELING THE REFLECTION SPECTRA Examples of theoretical refleCtiVity SpeCtra with the

Lorentzian model are shown in Fig(l§. They can be com-
The experimental peak positions versus légiare com-  pared with the experimental curves in Figap In Fig. 5a)

pared with simulations in Fig. 4. The agreement is reasonene can appreciate the decrease of the FWHM of the lower
able but not perfect. For this simulation we adopted a Lorentbranch when the waveguide resonance is positively detuned
zian model for the dielectric functios,, of the QW and we  with respect to the electronic resonance (75°). As expected,
fixed the oscillator strength to unity. The calculation is the simulation in Fig. B) indicates that the upper branch
based on the transfer-matrix method in anisotropic materialshould get stronger as the waveguide mode approaches the
and it uses the effective-medium approatfithe mobility of  anticrossing condition. Indeed, the branch closer to the inter-
the contactingn® layers was set at 3000 é s ' as  subband resonance is the strongest and therefore a transfer of
measured by Hall effect. To bring the anticrossing conditionoscillator strength between the two branches occurs in the
close to 90° we had to lower the index of refraction by 0.5%anticrossing region. Experimentally, in all the studied
compared to our original calculations when we designed thgamples, both branches are equally strong in depth and the
structure. This inaccuracy on the index of refraction can bevaveguide-related peaks are more intense than expected.
related to the uncertainty of the Al content as measured by his latter observation is probably suggesting that the optical
x-ray diffraction (=0.01), in combination with the inaccu- indices used in the simulations underestimate the losses that
racy of the model when calculating the index of refractidn. are not related with the intersubband absorptimsses by
Similarly, to bring the theoretical anticrossing at around 90°the gold mirror, free-carrier absorption in the contacting lay-
and 78° for the structures NT3555 and NT3556-3557 it wasrs, for instance
necessary to lower the barrier index by 0.5%. These obser- Even though not very clear in Fig.( the Lorentzian
vations suggest that the model used for the index of refracmodel also predicts a small dip or a shoulder at 920 tm
tion of the barrier is not exact. For instance, the temperatur@his feature was not observed with the cavity-excitonic po-

245320-4



VACUUM-FIELD RABI SPLITTING IN QUANTUM-WELL ... PHYSICAL REVIEW B 68, 245320(2003

laritons where th&) factor is very high. This trace of inter- LALLM LML
subband transition between the polariton branches comes
from the high peak absorption in the MQW region in com-
bination with the lowQ factor of the cavity. To qualitatively
illustrate this assertion, we simplified the calculation by re-
moving the gold mirror to rule out any coupling through
some surface plasmon mode, by ignoring the imaginary part
of the index of refraction of the contact layer and by using an
isotropic dielectric function of the QW'¢like in Ref. 10.
With this latter simplification we neglect the complex refrac-
tion of light inside the QW's. Without the gold mirror, we
had to increase the number of wells to 200 to bring the
empty cavity resonance at 920 cifor an incidenced,
=90°. The FWHM of the intersubband resonance was
changed from 58 cmt to the extreme case of 8 crh. We
artificially turned “on” and “off” the imaginary part of the
intersubband index of refraction of the QW'’s. Turning “off”
the intersubband imaginary index means that we look at the
new resonant frequencies of the cavity which is perturbed by
the intersubband dispersion. To show these waveguide reso-
nances when the intersubband imaginary index is turned
“off,” we artificially applied a small power dissipation factor 00 (d), B ~ . AR R =
of 0.01 in the MQW. Turning “on” means we look at how 800 850 900 950 1000 1050 1100
the absorption affects these resonances. Also, we calculated Wavenumber (cm-1)
the average index of refraction in the MQW region. The S ) )
effective-medium approach was used. The results of this sim- F!G- 6. Simplified calculation fos,=90° (no angle averaging
plified simulation are summarized in Fig. 6. From this figure,?nel(8): Average index of refractiofreal part in the MQW for a
qualitative explanations of the central dip can be given. 90 _|nC|dence on the cleaved fac_et. Different full width gt half
Due to the Lorentzian derivative shape of the intersup-nximum are considered for the intersubband resonance: 58, 48,
band dispersiofiFig. 6(a)], the waveguide resonance condi- 38, 28, 18, and 8.le' Panel(b): Reflectivity of P-polarized light
tion is satisfied three tim,es and three dips appear in the rby artificially turning off the intersubband imaginary index of re-

flecti . b h id 8faction. A small constant dissipation factor of 1% was introduced
ection spectrgFig. 6(b)]. At these waveguide resonances, in this calculation. Pane(c): intersubband absorption loss in the

the power enhancement fact@PER, defined as the ratio \qow, je., the product between the absorption coefficient in the
between the power density in the MQW and the incidentyow and its thickness. Panéd): same agb) without the 1% loss

power density in the substrate, is about 23. Basically, Figand with the QW intersubband absorption turned on.
6(b) illustrates the PEF in the MQW in the absence of inter-

subband absorption. The positions of the upfldP) and  mentally observe small dips and shoulders at the intersub-
lower branches$LP) of the polaritons depend weakly on the band resonant frequendfigs. 2 and R If the bottom layer
broadening since the Rabi energy depends mainly on theere thicker, i.e., if th&) factor of the optical resonator were
intersubband dipole moment. As the homogeneous broadehigher, the power density in the MQW region would be
ing of the transition is reduced, the anomalous dispersion ismaller and the central intersubband resonance would be re-
stronger and therefore the central resonance gets sharper atuced. One can interpret the central dip more rigourously
is always fixed at 920 cit independent of the angle of with the help of Ref. 20. When the absorption is very high,
incidence. the PEF is smallthe resonance is strongly dampezhd is

For small intersubband broadening, just away from theweakly phase dependent, therefore the total absorption fol-
sharp central resonance in Figh§ the reflectivity is close lows a Lorentzian shape.
to unity and the field leaks weakly inside in the MQW re-  For large intersubband broadening the central resonance
gion. The PEF is small, below unity, and is weakly phasedip in Fig. 6b) has a similar width to the upper and lower
dependent. The penetration of the field inside the MQW debranches. Again, the concept of PEF is useful. The intersub-
pends on the reflectivity of the bottom mirror and the relativeband losses are rather small for such large broaddiitg
indices between the substrate and the MQW. Figucerép-  6(c)], therefore the PEF is still high at resonance and is
resents the intersubband loassgdyow Where asg is the  strongly phase dependent. Away from the 920-¢meso-
intersubband absorption coefficient adigq\ the thickness nance, the intersubband loss gets even smaller which in turn,
of the MQW. When the intersubband absorption is turned onincreases the PEF. The two effects compensate each other,
the central resonance is quickly damped by the resonarte., the total absorption efficiency is constant around
strong absorption. Outside of it, where the reflectivity is920 cmi't. The dip in Fig. 6b) disappears in Fig. (6), it
close to unity in Fig. €) the wave leaking in the MQW gets “blurred” when the intersubband absorption is turned
probes the intersubband absorption; in other words attenwn.
ated total internal reflection occurs. This is why we experi- At the UP and LP polariton frequencies the intersubband

MQW index

Reflectivity

%SBdMQW

58 cm™

Reflectivity

O‘lssquw incl.
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absorption is small for any value of the broadening and (4 e A A A S B m
therefore the PEF stays high. As far as the intersubband los TR Miniband
a,sgdvow is below —1/2InR1, R1 being the reflectivity of 074 i N\ - - - - Infinite barrier
the bottom contactinset of Fig. 1, the total absorption will S AN —— Lorentzian (f=1)
increase with the intersubband Id8Above — 1/2 InR1 for 08 H VAN
the intersubband loss, the polariton resonance will suffer | Al v
from absorption damping. 5 ' Ve

Choosing an oscillator strength of unity was a simple ap-g& g.4- i v
proximation since, in principle, some oscillator strength is§ ' v
distributed among the extended states above the barrier. W< 034 ' v
are conscious that spreading the oscillator strength at highe | ‘.‘
energy will tend to decrease the minimum Rabi splitting; on 0.2+ / B
the other hand the transitions at higher energy might main- ,":' N
tain the strength of the upper branch polariton. Very likely, 0-17 " \ N
the fit will not improve by including the bound-to-continuum o0 £ R
transitions in the model but we still tried. We calculated the T a0 900 1000 1100 1200 1300
QW absorption coefficient including the bound-to-continuum Wavenumber (cm”)

transitions. Two cases were considered by turning on and oft

the coupling with the adjacent wells. Coupling on means we FIG. 7. Theoretical absorption efficiency féxpolarized light
take into account the minibands in the vicinity and above ofincidence at 80° on the cleaved facet. The results for the three
the barrier; coupling off is the same as considering infinitelymodels of QW dielectric functions are compared.

wide barriers. We used a one-band model to calculate the
energy levels and the matrix elemeftsA Kramers-Kronig ~ an infrared photodetector. We first measured the photocurrent

transformation was used to derive the real part of the interspectra with incident light at Brewster angle on the plane of
subband susceptibility. All simulated spectra are convolvedhe layers(see inset in Fig. 8 Doing so, we probe the ex-

by the Gaussian distribution of angles of incidence, and ficited states and avoid the interference of the waveguide
nally, the P/S ratios are normalized to unity at 700 ch structure. Figure 8 is a contour plot where normalized spec-
Figures %c) and(d) show examples of theoreticBI'S spec-  tra are displayed for different applied voltages. At 3 and 7 V
tra with these two models. As expected, in both cases, thee observed an anticrossing of the states in the vicinity of
minimum Rabi splitting is smaller than that derived with the the barrier at 900-950 cit. At these particular voltages,
Lorentzian model and the strength of the upper branch of théhe positions of minibands above the barrigght panel of
polariton versus the angle of incidence is more constantFig. 8 are strongly modified. At vanishing bias we identify
Overall, the shapes of these curves are far from the experthree miniband¢MB1-3) above the barrier; in photocurrent
mental curves. The three models considered here fail to givepectroscopy they appear at 1023, 1170, and 1400 cm
good fits of the experimental curves. Among the three, th&’hese positions are an excellent match to the theoretical ab-
Lorentzian model seems to give a better fit. Experimentagorption spectrum calculated for 0?¥The theoretical prod-
data show more intense and clear Rabi doublets than the

simulations. We speculate about the possibility of having . (b)
guantum interference effects similar to Fano resonance du
to the proximity of the continuum staté%.2* The measure-
ment probes the reflection of the QWIP structure, not the
absorption in the wells. Because the cladding layers contrib-
ute to the waveguide loss, calculations are necessary to a..
sess the absorption taking place in the MQW. The result oﬁ;
the calculation for a 80° incidence on the facet is displayed&
in Fig. 7. Again, three models for the QW dielectric function S 4-
are considered. The absorption efficiency is predicted to be

: . X 3-
very strong, which was experimentally confirmed by the
strength of the negative peaks of the reflection speétig 2
2). The QW absorption is very strong at the lower and upper 1-
branches, even though only the absorption tail of the inter-
800 900 1000 1100 1200 1300 1400

subband resonance is involved at such large detuning fron

__ . —1
the 920-cm® electronic resonance. Wavenumber (cm™')

FIG. 8. Contour plot of photocurrent spectra versus applied bias
at 80 K. The infrared light is close to Brewster incidence (65°) on
the plane of the layers of NT3429. The left parial shows the

The first objective of this study was to observe thelong-wavelength sidébelow 1020 cm?). To show the bound-to-
vacuum-field Rabi splitting; another objective was to inves-extended transitions the gray scale was expanded in the right panel
tigate the performance of such a structure when operated &s). All spectra have been normalized by their area.

IV. ELECTRICAL MEASUREMENTS
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FIG. 9. Theoretical absorption of one quantum well at 0 V, 0 . . ; - -
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uct L,x"w/c, wherew is the light frequencyc the light FIG. 10, Panelé) and(b) . the 80K it
; i " ; ; . 10. Panel$a) and(b): comparison of the 80-K responsivity
velocity, L, the width of the QW, ang” the imaginary part spectra at 1 and 4 V between devices with a top GaAs/Au interface

qf the intersubband susgeptlblllty IS plotted in Fig. 9. Thlsand devices with a dielectric GaAs/air interface. The light is di-
flg_u_re shows _the predlcted_ energies of the bOund'm'rected at 80° onto the cleaved facet. Pafmlshows the ratio of
miniband wransitions. The_antlcr035|ng obgerved @ 3/ these spectra at 1, 4, and 6 V. At 6 V, the Rabi splitting is signifi-
corresponds to the situation where MBI is brought in cantly modified.

resonance with the first excited state of the upstream adjacent

quantum well. The occurrence of the bound-to-miniband

transition suggests that the coherence length of electrons ef2aAs/Au and GaAs/air interfaces is not constant with volt-
tends over several periods. It also proves that some oscillat@9€- For instance at 6 V, close to the anticrossing of states at
strength is distributed within the extended states. Therefore 1€ barrier edge, the dielectric function of the wej}, is so

is still unclear why the Lorentzian model with maximum Much perturbed that the vacuum-field Rabi features are sig-
oscillator strength produces a better fit to the observed Raplificantly changedFig. 10c)]. An infrared modulator based
splitting. on the vacuum-field Rabi splitting sensitivity with, could

The photocurrent was then measured with an incidenP€ designed with asymmetric or double quantum wells.
angle of 80° on the cleaved facet. Two types of devices were The dark current of the device was measured at different

tested: devices with a gold mirror covering the top of the

mesas, and devices with a narrow top ring contact, i.e., with  1¢° —— —r— 1
a large area of GaAs/air interface. The first type of device 1201-a-w-n-mt
uses the waveguide, whereas the other type cannot hold ver
confined waveguide modes. Spectra at 1 and 4 V are dis

played in Figs. 1() and(b). Below 1080 cm? the devices Y
with the waveguide show stronger absorption than those witrz B R Sy
the GaAs/air interface. The devices with the GaAs/air inter-g T -

face have stronger absorption at 1200 ¢ndue to the exci-
tation of a weakly confined waveguide mode. Close to the
intersubband resonance (900-920 ¢inthe GaAs/air de-
vices exhibit a strong signal because the light leaks signifi-
cantly into the MQW. The ratio of photocurrent spectra be-
tween the two types of devices reveal the absorption
enhancement by the waveguide. This is shown in Figc)10
where we can identify two peaks at 870 and 990 ém
These positions can be compared with the negative peaks o
the reflection measuremefspectrum at 80° in Fig.)2at 884 FIG. 11. Leakage current at different temperatures of 12mm
and 988 cm®. The maximum at 870 ci' in the ratio of  jarge device from the wafer NT3429. The temperature step is 10 K.
photocurrents does not exactly match the position of the rethe dashed line represents the differential resistance at 80 K. The
flection minimum (884 cm?') because the photocurrent with peaks at 3.9 and 6.3 V show the perturbation of the conduction
the GaAs/air interface is rapidly varying in this spectralstates in the vicinity of the barrier edge. The inset is the derived
range. The ratio of photocurrents between devices witkelectron mobility versus temperature at 0.3 V.
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FIG. 12. Responsivity of NT3429 at 909 crh for different FIG. 13. Derived detectivity of NT3429 at 909 crhfor differ-

temperatures. The temperature step is 10 K. The responsivity ignt temperatures. The temperature step is 10 K. The detectivity is
given for P-polarized light directed at 80° incidence onto the facet. given for P-polarized light directed at 80° incidence onto the facet.
For clarity, the curves are shifted relative to each other by 0.05

A/W. The inset plot shows the responsivity at 0.4 V versus tempera- R
ture. D* = , 2
v4qgJ

Femperatures. Figure. 11 shows the current-voltage charactfnereR is the responsivityg the electronic chargey the
istics for a 1-mm device from 80 to 200 K. At low tempera- nojse gain which was assumed to be close to the photocon-
tures, we see a strong modulation of the differential resisguctive gain,J the current density flowing in the device.
tanceR,. Local maxima ofR,. are found at 3.9 and 6.3V, From the reflectiorR, measurementéFig. 2) we derive an
i.e., exactly in the range of voltages where anticrossing ohbsorption quantum efficiency=1—R,~0.4 at 909 cm"*,
states were observed close to the barrier edge. From this setvalue which is used for the calculationgfThe detectivity

of curves we derive an activation energy of 104 meV, orfor different temperatures is shown in Fig. 13. The detectiv-
equivalently 840 cm?®. The Fermi energy is only 0.7 meV ity is high at low temperature and degrades by two orders of
(6 cm 1) in the well. This value of activation energy is rea- magnitude from 80 to 200 K.

sonably close to the cutoff wavelength of the photocurrent The behavior of highly doped samples with comparable
measured at low voltage (875 ¢if), minus the Fermi en- Cutoff wavelength and activation energy was found to be
ergy. The mobility is then derived, and the inset of Fig. 11different™At 80 K, highly doped samples show a detectivity
shows the mobility at 0.3 V versus temperature. Surprisinglyone order of magnitude smaller than our structure due to
its value is lower than expected. This is probably due to thdD€ir higher leakage current. However, at 200 K, the detec-
band bending caused by the modulation doping. Phonon ir\'J‘—'Wty of NT3429 and that reported in Ref. 26 ar?Zboth simi-
teraction starts to be the main scattering mechanism abo ar Looking into details at the data of the'¥@m™* doped
150 K. structure of Ref. 26, we found that at 1 V, and between 80

The infrared response of a device with a GaAs/Au inter-and 200 K, the dark current increases by a factor-&

face was measured by focusing, at 80° incidence, a Iead-saﬁ 10, and the responsivity by a factor of 17. The increase of

: responsivity, first attributed to the temperature dependence of
laser diode beam onto the cleaved facet. Only 6 mW Wathe mobility, is actually not detected in the dark current. The

directed onto the facet. The laser diode wavenumber Wag,,q0n for this phenomenon is not clear yet and will be the
tuned by temperature at 909 ch and final calibration was subject of future studies. In highly doped samples, the in-
performed with a calibrated 1000-K blackbody source. Theease of responsivity with temperature compensates for the

results are plotted in Fig. 12 for different temperatures. Clos@jgh current to the point that, highly doped QWIP's and
to 4 and 6 V, we find the same features as in the dark currerN\T3429 have the same detectivity at 200 K.

due to the anticrossing of the states. With temperature, we
saw small variations of the photocurrent. The decrease of
response with temperaturgsee the inset of Fig. 12is
slightly faster than that of mobility due to the redshift of  We have demonstrated, both optically and electrically, the
absorption with temperature. From these measurements @acuum-field Rabi splitting due to bound-to-quasibound in-
activation energy, mobility, and responsivity we find the de-tersubband transitions in quantum-well infrared photodetec-
vices behave consistently. The detectivity of the dewdde tors. The initial objective of this study was to show high
was derived according to the equation absorption efficiencies in low-doped structures at grazing in-

V. CONCLUSION

245320-8
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ternal incidence. We find it is essential to take into accounbound-to-bound, bound-to-quasibound to bound-to-free in-
the possible occurrence of the vacuum-field Rabi splittingtersubband transitions.

The exact fitting of the Rabi-splitted reflection spectra does
not seem obvious. The structure studied here involved
bound-to-quasibound and bound-to-continuum Bloch wave
intersubband transitions. The continuum states add complex- We are grateful to M. Zafuzy for useful discussions. The
ity to the analysis of the vacuum-field Rabi splitting. This authors would like to thank DRDC-Valcartier who partly
suggests studying the evolution of the Rabi splitting fromsupported this work.
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