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Quantum Coherence in an
Optical Modulator

S. G. Carter,1* V. Birkedal,1. C. S. Wang,2 L. A. Coldren,2

A. V. Maslov,3 D. S. Citrin,4,5 M. S. Sherwin1-

Semiconductor quantum well electroabsorption modulators are widely used
to modulate near-infrared (NIR) radiation at frequencies below 0.1 terahertz
(THz). Here, the NIR absorption of undoped quantum wells was modulated by
strong electric fields with frequencies between 1.5 and 3.9 THz. The THz field
coupled two excited states (excitons) of the quantum wells, as manifested by
a new THz frequency- and power-dependent NIR absorption line. Nonpertur-
bative theory and experiment indicate that the THz field generated a coherent
quantum superposition of an absorbing and a nonabsorbing exciton. This quan-
tum coherence may yield new applications for quantum well modulators in
optical communications.

Quantum three-state systems in which two of

the states are strongly coupled by an intense

laser field have been widely studied in atom-

ic and molecular systems (1). The energies

of the quantum states are altered as they are

Bdressed[ by the strong light-matter interac-

tion. Such dressed states were first observed

by Autler and Townes (AT) in a molecular

system driven by a strong radio-frequency field

and probed by weak microwaves (2). When a

radio-frequency resonance occurred, the micro-

wave absorption line split in two. In three-state

systems with weak coupling to the environ-

ment, AT splitting can evolve into electromag-

netically induced transparency (EIT), in which

a strong coupling beam induces transparency

at a resonance at which the undriven system is

opaque (3). This transparency is due to quan-

tum interference between the dressed states.

EIT is the basis for slow (4) and stopped light

(5, 6) in atomic systems.

A variety of quantum systems similar to

atomic three-state systems can be engineered

in semiconductor quantum wells (QWs). A

QW is a layer of one semiconductor grown

between semiconductors with larger band gaps

(7). The layer with the smaller gap is suffi-

ciently thin that well-defined sets of quantized

states, or subbands, are associated with elec-

tron motion parallel to the growth direction.

Within each subband, there is a continuum of

states associated with different momenta par-

allel to the plane of the QW (perpendicular

to the growth direction). AT-like splitting (8),

quantum interference (9, 10), and EIT (11, 12)

have been reported in QWs, but their observa-

tion has been more difficult than in atoms and

molecules. This is in part because of much

larger absorption linewidths, which result from

disorder, from stronger coupling to the envi-

ronment, or from scattering between subbands.

We have fabricated a particularly simple

three-level system in undoped QWs (Fig. 1).

The excitation with the lowest frequency oc-

curs at about 350 THz (wavelength 857 nm or

energy 1.46 eV) when an electron is promoted

from the filled valence subband of highest

energy (labeled h1) to the empty conduction

subband of lowest energy (labeled e1). The

excited electron binds with the hole it left be-

hind to form an exciton with a hydrogen-like

wave function in the QW plane. Transitions

between different in-plane states (e.g., the 1s

and 2p states) are allowed only for in-plane

THz polarizations (13, 14), which are not

present in the experiments discussed here. The

lowest exciton state is labeled h1X. The next

exciton state, h2X, consists of an electron from

e1 and a hole from the second highest valence

subband, h2. NIR transitions between the crys-

tal ground state and h2X are not allowed be-

cause of quantum mechanical selection rules.

However, intersubband transitions from h1X to

h2X are allowed for THz radiation polarized

in the growth direction. The three states anal-

ogous to those in an AT picture are the crystal

ground state, the lowest exciton h1X, and the

second exciton h2X (15).

This report explores the NIR absorption

of undoped QWs at low temperatures (È10 K)

when they are driven by strong electric fields

polarized in the growth direction with frequen-

cies between 1.5 and 3.9 THz. Because the

frequency of the THz laser is about 1% of that

required to create an exciton, the strong laser

field does not alter the populations of the quan-

tum states of the system. Near 3.4 THz, the

drive frequency is resonant with the transition

between the two lowest exciton states. The AT

splitting of excitons driven by strong intersub-

band radiation is experimentally observed, and

theoretical predictions (16, 17) are confirmed.

The sample consists of 10 In
0.06

Ga
0.94

As

QWs (each 143 )) separated by Al
0.3

Ga
0.7

As

barriers (300 )). InGaAs QWs were used

instead of GaAs QWs so that the GaAs sub-

strate was transparent for NIR light near the

exciton energies. A 100-nm layer of aluminum

was deposited on the surface of the sample

on which the QWs were grown. The metallic

boundary condition improved THz coupling

and ensured that the THz field at the QWs

was polarized almost perfectly in the growth

direction (18). The interband absorption was

probed using broadband, incoherent, NIR light

from an 850-nm light-emitting diode focused

onto the sample backside to a spot size È250

mm in diameter. The NIR intensity was less

than 0.3 W/cm2. As illustrated in Fig. 1, the

NIR beam was transmitted through the trans-

parent substrate, interacted with the QWs, was

reflected off of the Al layer, and was then

collected and sent to a monochromator with

an intensified charge-coupled device detec-

tor. The reflected NIR beam was measured

during the 1 to 1.5 ms at the peak of the THz
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pulse (fig. S2). The sample was mounted in a

closed-cycle refrigerator and maintained at a

temperature near 10 K. The lowest curves in

Fig. 1, A to C, display the NIR reflectivity

measured without the THz field. (The reflec-

tivity is essentially double-pass transmission

in this geometry.) The strong absorption line

is from h1X. As expected, no absorption is

observed from h2X. The energy of h2X is

expected to be È3.34 THz (13.8 meV) above

h1X from calculations (19).

The THz radiation, given by the UCSB

Free-Electron Lasers, was focused onto the

edge of the sample with an off-axis parabolic

mirror. The spot size was È400 mm in diame-

ter for THz frequencies between 2.5 and 3.9

THz, near the h1X-h2X resonance. The THz

beam was on for È4 ms with a repetition rate

near 1 Hz. The maximum peak power incident

on the sample was È2 kW, giving a maximum

intensity in the sample of È1 MW/cm2 (È15

kV/cm electric field amplitude). EThis estimate

of the electric field ignores propagation inside the

sample and the Al coating on the surface (18)^.
The effect of the THz field on the sample

reflectivity was quite striking (Fig. 1, A to

C). Each graph displays the reflectivity for a

series of THz intensities. In Fig. 1A the THz

frequency is f
THz

0 2.52 THz, below the ex-

pected h1X-h2X resonance. As the THz inten-

sity increased, the absorption line redshifted

and a weaker absorption line appeared above

the undriven exciton energy. Near the expected

resonance, at f
THz

0 3.42 THz (Fig. 1B), there

was a clear symmetric splitting of the exciton

line, which increased as a function of intensity.

Just above the resonance, at f
THz

0 3.90 THz

(Fig. 1C), a weaker absorption line appeared

below the undriven exciton energy. These mea-

surements were carried out at È10 K, but the

splitting at f
THz

0 3.42 THz was observed at

temperatures up to 78 K.

The calculated reflectivity of a THz-

driven QW is shown in Fig. 2 for THz inten-

sities that give spectra comparable to those

in Fig. 1. These results were obtained by nu-

merically solving the SchrPdinger equation

for the dynamics of an optically created

electron-hole pair in an infinitely deep QW.

The quantization of the electron-hole states,

the Coulomb interaction, and the THz field

are all treated on an equal footing, without

resorting to perturbation theory Esee (20) for

more details^. In essence, the THz field rocks

the QW potential, which couples the various

confined QW states in a dynamic fashion.

All of the QW states are included in the cal-

culations. This approach is equivalent to solving

the polarization equation of the semicon-

ductor Bloch equations (SBEs) in the low-

density limit (21). The reflectivity is defined

as the fraction of the incident optical power at

a given NIR frequency that is not absorbed.

For these calculations, the absorption

strength and energy position of h1X for zero

THz field were set to best fit the measured

reflectivity. The calculated reflectivity in the

presence of the THz field is qualitatively simi-

lar to the measured reflectivity, although small

differences can be seen. It appears that the

calculated splitting at 3.42 THz is more asym-

metric than that observed experimentally,

indicating that the experimental h1X-h2X

resonance is closer to 3.42 THz than 3.34

THz. Also, there is an overall redshift of the

measured reflectivity with increasing THz in-

tensity that does not appear in the calculated

spectra. This redshift is most likely due to

heating by the THz beam and can clearly be

seen in fig. S1A, where the absorption line

positions are plotted as a function of intensity.

The separation between the two absorption

lines on resonance at f
THz

0 3.42 THz is plotted

as a function of intensity in fig. S1B. The

splitting is discernible over a factor of È4 in

THz intensity (È2 in THz field). Theory and

experiment are not far from one another over

this limited range, although the dependence of

the splitting on THz intensity is closer to a line

than the square root function predicted by the-

ory. More work must be done to characterize

and understand the dependence of the splitting

on THz intensity (18).

The reflectivity was measured at many THz

frequencies from f
THz

0 1.53 to 3.90 THz. Ab-

sorption spectra for f
THz

0 2.82 through 3.90

THz (Fig. 3) were obtained by subtracting a

linear decrease in reflectivity over the mea-

sured NIR frequency span and then calculating

the negative natural logarithm of the reflectiv-

ity. These absorption spectra were then fit to

two Lorentzians. The spectra at f
THz

0 1.53,

1.98, and 2.52 THz (not shown) were more

difficult to fit because the second absorption

line was so weak. Differential spectra (spec-
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Fig. 1 (left). Reflectivity spectra for a series of THz intensities at fTHz 0 (A) 2.52 THz, (B) 3.42 THz,
and (C) 3.90 THz. The spectra are offset and labeled according to the THz intensities (in kW/cm2).
Level diagrams illustrating the detuning from the expected h1X-h2X resonance are shown to the
right of each graph. A schematic of the experimental geometry and the band diagram of a QW
along with the relevant subband energies are displayed above. The red arrow represents the lowest
excitation of the system, the h1X exciton. The AlGaAs barriers are labeled ‘‘Al’’ and the InGaAs
layer is labeled ‘‘In.’’ Fig. 2 (right). Calculated reflectivity spectra for a series of THz intensities at
fTHz 0 (A) 2.52 THz, (B) 3.42 THz, and (C) 3.90 THz. The spectra are offset and labeled according to
the THz intensity (in kW/cm2). The absorption strength and energy position of the spectrum for
zero THz field were set to best fit the measured reflectivity.
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trum with THz field minus spectrum without

THz field divided by spectrum without THz

field) were used to determine the absorption

line positions.

Figure 4 displays the absorption line po-

sitions as a function of THz frequency. The

spectra used were all obtained with a THz

intensity near 300 kW/cm2 (within 10%), rel-

atively low because this was the highest avail-

able intensity at f
THz

0 3.75 THz and 3.90

THz. The anticrossing behavior in Fig. 4 near

the h1X-h2X resonance is expected for the

AT effect. The two absorption lines are asso-

ciated with the two excitons dressed by the

THz field. On resonance, the oscillator strength

is shared equally between the two dressed

states and the two absorption peaks are equal

in magnitude. Off-resonance, the oscillator

strength is strongest for the absorption line

nearest the undriven exciton line. For low THz

frequencies, the weaker peak approaches the

h2X energy. The data points connected by

solid lines in Fig. 4 are the results of cal-

culations using the model equivalent to the

SBE for an intensity of 375 kW/cm2, which

agree well with the measurements. The dis-

agreement at 1.53 and 1.98 THz (lower po-

sitions) may be due to uncertainty in the THz

intensity (18).

Quantum wells driven by growth-direction

electric fields are already important as elec-

troabsorption modulators for fiber-optic com-

munications operating with bandwidths G100

GHz (0.1 THz) (22). The basis for the QW

modulators (QWMs) is the dc quantum-

confined Stark effect, wherein a dc electric

field polarized in the growth direction causes

a redshift of the h1x absorption (23). The oper-

ating frequencies of QWMs are smaller than

the exciton_s linewidth. Thus, the response is

adiabatic: The NIR absorption spectrum at

any instant is determined only by the electric

field at that same instant, and not by the

modulation frequency. Modulation at higher

frequencies is desirable given the 50-THz

bandwidth of optical fibers.

Our results show that fascinating quan-

tum effects occur when QWMs are driven in

the high-frequency diabatic limit. Most im-

portant, AT splitting of excitons due to a strong

THz field has been observed. The decrease in

absorption at the undriven exciton resonance

in the presence of the THz field is certainly

suggestive of EIT, although the linewidth of

h2X is not expected to be narrow enough for

the required quantum interference effects.

The observation of dressed states in this

system is noteworthy for several reasons. First,

the effects have been observed over a wide

range of THz frequencies, where the detun-

ing from the resonance was comparable to the

drive frequency. Observation of dressed states

at large detunings is possible because the Rabi

frequency (half the splitting on resonance) is

relatively large, up to 20% of the drive fre-

quency on resonance. Second, the THz driving

field does not generate any excited-state pop-

ulation, in part because it is at a much lower

frequency than the probe. The driving field is

also quasi–continuous wave, which is rare for

observations of coherent strong-field effects in

semiconductors. Finally, applications to optical

communications have been proposed for the

THz-driven QW. Two NIR lasers resonant

with different dressed states of this system in-

teract strongly (24), leading to mutual transpar-

ency of the beams depending on their relative

phases. This effect could be used for inter-

modulation of laser beams at arbitrarily low

NIR intensities.
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