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Phonon-induced photoconductive response in doped semiconductors
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We present an unusual photoconductive response in doped GaAs and InP semiconductor epitaxial layers and
demonstrate that such a response is due to the longitudinal(e@tjcphonon-induced Fano resonance instead
of the traditional kinetic mechanism. Theoretical calculations based upon the present mechanism are in excel-
lent agreement with the experimental results and the developed formalism should be universally applicable to
the related photoconductive processes of other doped semiconductors.
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The understanding of the photoconductivity in doped The high quality InP(GaAs samples used for the mea-
semiconductors such as the semiconductors with shallowurements was an unintentionally doped epitaxial layer with
donors/impurities is an important issue in semiconductothe thickness of 5.2zm (5 um), which was grown on a
community. The study of photoconduction not only gains aFe-doped semi-insulating Infa Si-doped semi-insulating
great insight of the doping effects on the electronic structurgsaAg substrate with a V8BOH GSMBE system. Pure In
but also offers valuable guidance for semiconductor devicesphmic contacts were alloyed to sample at 40 ° ®linatmo-

In general, photoconduction involves various processes Su%here for 1 min. Hall measurement gave a carrier concen-
as photoexcitation, photogeneration, carrier transportation,aion of 2.70< 1044 cm~23 and an electron mobility of 4070
and recombination, thus it is normally much more compli—cmzlvS for InP (8.0<10" cm~3 and 6400 cVs for

cated than simple absorption process. For the last forty year : :
many mechanisms have been introduced for the interpreté’—% aAg at room temperature, a carrier concentration of 1.17

tions of photoconductivity phenomefhd. Particularly, the <10 cm ? and an alect[osn mobility of 1.2210° cn/
photoconductivity which involves LO-phonon excitations Vs for InP (7'.0< 10 cm® and 6.9<10° cn?/V's for
has attracted much attentidr’ partially because of the fun- GaAs were obtained at 77 K. The measurements of the pho-
damental importance of electron-phonon coupling. The maifothermal ionization(PTI) spectra of the samples were per-
feature in such photoconductive processesriegativepho- formed with a Bruker IFS-113V Fourier transform spectrom-
toconductive response due to LO-phonon emisssion proce§$er. All the measurements were taken at 4.2 K.
and the traditional kinetic mechanism developed by Stocker In the far-infrared PTI spectra of the samples, all phonon-
et al” has been generally recognized as a reasonable quaissisted transition features were revealed in boti(Re?. 4)
tative explanation. and in GaAs(Ref. 9. In InP, for example, there is a domi-
In this letter, however, we present a peculiar photoconnant feature at the wave number of 45.32 ¢nithe 1s to 2p
ductive feature in the vicinity of single LO-phonon energy in transition of the donor statgsaccompanied with a weak
both the high purity GaAs and InP semiconductor epitaxialpeak appears at 52.07 ct(the 1s to 3p transition and a
layers with shallow donors. This feature exhibits an asymfroad continuum at even higher frequenditre 1s to con-
metric line shape with aveak negativédout astrong positive tinuum transition. However, an abnormal feature with an
photoconductive response, which can not be understoo@symmetric line shape appears in both GaAs and InP. As
based upon the established mechani¥msVe demonstrate shown in Figs. 1 and 2, this asymmetric feature occurs at
quantitatively that the Fano resonance which was initiallyfrequency of 296.1 cm' just above the LO phonoriw, o
introduced by Farfbfor atomic systems is indeed the mecha- =294.5 cmi'!) for GaAs and at the frequency of 349.2 thn
nism for the observed strong positive photoconductive rejust around the LO phononi, o=349.5-0.3 cmi %) for
sponse. For the present doped semiconductors, this FaroP. For both systems, a weak dip but a strong peak appear at
resonance process is originated from the quantumthe incident photon frequencies just aroungd,, character-
mechanical interference between the transition from a donaring the line shape of the feature.
state to an electron continuum state and the one from a donor This unusual feature in InP has been qualitatively
state to a LO-phonon state. Based on this mechanism wieterpreted based upon the kinetic mechaniérin Ref. 4,
calculated the line shape of the photoconductivity andhe dip belowZw, g in the photoconductive response was
achieved an excellent agreement between experimental amplained as a momentum lost process of electrons with
theoretical results. More importantly, the new quantum mejpositive wave vectork in the direction of the electric poten-
chanical formalism developed here should be universally aptal gradient by the LO phonon emission, while the peak
plicable to the related photoconductive processes in othabover w, o was interpreted as a net momentum gain pro-
doped semiconductors. cess of the electrons with negative wave veckorslowever,
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FIG. 3. A schematic illustration of the basic mechanism for the
photoconductive response involving in a Fano resonance from the
coupling between a ground state to conduction continuum transition
and the ground state to a LO-phonon state transition.

and sharper than the dips, indicating that the positive photo-
I EEEE————S conductive response is much.stronger than the negative one.
285 290 295 300 305 310 Therefore, such an explanation can not reproduce the un-
usual line shape of the observed feature. Recently a Monte
Carlo simulation of the photoconductive response for GaAs
FIG. 1. The experimental photothermal ionization spectrumbased on the Stocker’s kinetic mechanism has been quanti-
(solid squargand corresponding theoretical res{golid line) based  tatively carried ouf. However, the simulation result has
upon the Fano resonance process for high purity GaAs epitaxisdhown the same magnitude of the dip and peak, clearly indi-
layers with shallow donors. The experimental data were taken at 4.2ating the kinetic model is not proper to understand the ex-
K. perimental data.
To understand this puzzling line shape, we suggest a more
a very important consequence of this simple kinetics picturgyaysible mechanism involving a more complex Fano reso-
was missing in Ref. 4. As the distributions of electrons in theygnce which has been served as a model and observed in a
conduction band with both the positive and negative Wav@arge number of very different physicésuch as atomi,
vectorsk are nearly the same, these two reverse processegolecular'® and semiconductidg™9 systems. In general, a
would result in nearly the same magnitude of both dip and=ano resonance occurs when transitions, whatever the exci-
peak in photoconductive responses. This is not the case. Wtion mechanism is, couple a discrete state and a continuum
faCt, fOI’ bOth InP and GaAs the peakS are much more inten% a common ground state and When the discrete state iS
quantum-mechanically coupled to the continuum with matrix
elementV. The Fano resonance observed here occurs when
the direct transition from a donor state to the conduction
band interferes with the indirect transition from an electronic
donor state to a LO-phonon state of the semiconductor.
InP For the system we are studying, the donor state of the
shallow impurity serves as the common ground state in the
Fano resonance. As the energy of the discrete LO phonon
state having the same symmetry as the photon conductive
transitions falls within the conduction band continuum, inter-
ference between the phonon discrete state and the electron
continuum takes place. Figure 3 schematically shows the
system with two excited states coupled by a matrix element
V. Suppose thallo=(N, dc|He(hw)| po,N) is the direct
transition matrix element of the electron from the ground
state|g)=|¢o,N) with the phonon numbeN to the con-
tinuum |e)=[¢.,N) with the energy E.. T =N
+1,¢O|Hep| ¢e!N><N’¢e|Hel(hwl)|¢0:N>/(hwl_Ee) is
the matrix element of the indirect transition from the ground
state to a phonon stafe)=|¢,,N+ 1) with the energyE,
=fhwy. V=(N+1,¢o|H|N,¢.) is the matrix element of
FIG. 2. The experimental photothermal ionization spectrum€lectron-phonon interaction. This electron-phonon coupling
(solid squargand corresponding theoretical resigiblid line) based ~ Produce a mutual repulsion of the levig} and E¢ to posi-
upon the Fano resonance process for high purity InP epitaxial layeféons E.. which are the roots of the secular equatiday (
with shallow donors. The experimental data were taken at 4.2 K. —E)(E.—E)—V2=0. Similar to the approximation for Ra-
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man scattering in bulk semiconductdand quantum welf  i.e., Ak~1/4R, whereR is the radius of the 4 orbital of the
systems, we assume here for simplicity that bdthandV  donor. From above equations, we can obtain the asymmetry
are both constant for each levi@) in the continuum. The parameten of the Fano shape as

line shape of the spectrum of the photonconductive response

at LO phonon energy is proportional to

2I Ak+k, 4Ak+_ 5
g=—In|————— — — +i.
7 |Ak—Kk T K
> (alH|g)[?5(Ea—E)—[(p|HIg)|*(E,—E) P P
I(E)= "
(e[H|g)|? For the present systengsdepends only on the material pa-

) rameters, i.e., the effective mass, the LO phonon energy of

) . o - the semiconductor, the effective radius of the donor orbital,

The second term in Ed1) is the rate of indirect transition 5n the hottom energy of the semiconductor layer relative to
from the ground state to the unperturbed phonon state, angle 15 ground state of the donor. In our calculations, we used

the corresponding transition process is that an electron at:g” these parameters from the text book or experimental
sorbs the photon and makes the transition to the conductio&at&A without any adjustmentn* =0.067n, for GaAs and
band state and immediately emits an optical phonon with th 08m. for INP. R=104 A for GaAs .and 862 A for InPE
same frequency of the photon by returning to the ground_~"©¢ = " "' ) b
=65cm * for GaAs and 60 cm® for InP, fw g

state. The first term presents a photon adsorption process. In

— 51 A
this process, an interference exists between two amplitudes 294-5 ¢~ for GaAs and 349.5 cm' for InP. g can be

for the |g)—|e) transition, namely between the direct tran- _calculated as 1.9 for GaAs and 1.7_8 for InP. The second term

sition with amplitude T, and the indirect transitiorjg) E Eq. (22) can e furth%r optalneq aQ(EP)(TP/Te)

~p)—le) with amplitudeTp(E—Ep)*lv. It can be ob- = P(Ep)VIR(Ep)+D(Ep)]*. Itis obviously that _thls only
tained by the very similar derivation done by FArand _reduces the absolut_e value of the photoconductive response,

Klein,'® thus Eq.(1) can be further written as in the other yvords, it dqes not make any chal_"nge of its line

shape. The final theoretical results, as shown in both Figs. 1

X and 2, are in excellent agreement with the experimental data,

|(E)=D(E) (q+e) _D(E,) p @ indicating the Fano resonance process is the trug origin for

1+¢&2 p ?g the observed photoconductive features. A small discrepancy
between the theoretical and experimental results around the
frequency range just below the dip for either GaAs or InP is
due to the theoretical renormalization by the direct transition
contributions, resulting in the exclusion of irrelevant transi-
tions appearing in the experimental data.

3) In summary, we observed an abnormal positive photocon-
ductive response in the vicinity of LO-phonon energy in the
semiconductor epitaxial layers with shallow donors. We

and the asymmetry parameter of the Fano line shape showed that such a strong positive rather than negative re-

sponse is indeed due to a Fano resonance process associated

VT, /To+ V2R(E.) with the coupling between LO-phonon and electron con--

q=—— Ly (4  tinuum. The Fano resonance enhances greatly the electronic

mVD(Ep) transition from a donor state to an electron continuum, thus
leading to the unusual potoconductive feature with asymmet-

The asymmetric parameter governing the line shape of thEC line shape. The theoretical results based on the present
resonance is intimately linked to the transition probabilitiesechanism are in excellent agreement with the experimental
for the discrete state and the band of unperturbed continuuh@t@, which demonstrates that Fano resonance reveals, in a
states. Among them, the transition probabiflty can be ex- ~ ¢léar and intuitive way, the nature of LO phonon-induced
pressed as Tp=VT{ZP[1/(E,— Eo)]+imd(Ee—Ep)}. photc_)conductlv!ty. We believe that the new quantum me-
The density of the electronic continuum states in thechanical formalism developed here should be universally ap-
semiconductor is given as D(Ep)=(Vom*/ plicable to the related photoconductive processes in all

#372) 2m*(E,— Ep) E,), whereE, is the bottom energy of the doped semicqn_ductors. More importantly, the mechanism of
conduction barr?ld relative to the ground state of the dovigr. photoconductlvn_y proppse_d here may be valuable for poten-
is the bulk volume of the layer, and* is the effective mass U@l OPtoelectronic applications.

of the semiconductor layer. ThR(E,) can be obtained We thank Professor Koung-an Chao, Professor Dafu Cui,
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tron transition from the ground state to the conduction bandacknowledges support by U.S. National Science Foundation
which can be estimated by using the uncertainty principle(Grant No. DMR-0072998

2

where the first part in Eq2) is just the Fano resonant term
in which D(E) is the density of the continuum states

2
o E—E,— V?R(E,)
7V°D(E,)
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