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The method of photoconductive detection of defect-related vibrational modes in semiconductors by

Fano resonances is validated by a combined photoconductivity and infrared absorption study of the

interstitial hydrogen donor in ZnO. Depth-resolved isotopic substitution experiments with varying

concentrations of H and D show that the effect of vibrational mode-related absorption has to be

taken into account in order to allow for an unambiguous interpretation of the experimental data. A

quantitative model is presented which describes the influence of sample thickness, defect concen-

tration, and the presence of other donors on the sign, magnitude, and shape of the Fano resonances.

Implications for the photoconductive detection of defect-related vibrational modes are discussed.

Published by AIP Publishing. https://doi.org/10.1063/1.5037412

I. INTRODUCTION

The identification and characterization of light impuri-

ties in semiconductors by means of local vibrational mode

(LVM) spectroscopy became an important experimental

approach ever since semiconductors were recognized as

technologically important materials. The knowledge about

the vibrational spectrum of defect complexes provides a

wealth of information about their chemical composition,

symmetry, thermal stability, etc.1 From an experimental

point of view, however, the standard methods of probing

LVMs, like infrared (IR) absorption or Raman scattering,

have three major limitations: (i) they fail if the vibrational

mode frequency occurs in a strongly absorbing/reflecting

spectroscopic region of the semiconductor crystal, (ii)

the sensitivity of these techniques is often too low to

obtain useful information, and (iii) the defect’s electrical

activity in most cases remains unknown because frequen-

cies of LVMs are rather insensitive to the defect’s charge

state.

In order to address these challenges, the method of pho-

toconductive (PC) detection of LVMs has been recently pro-

posed.2–5 The basic principle of this technique is an

interaction of vibrational excitations with the continuum of

electronic states in the conduction/valence band resulting in

the appearance of Fano resonances in the photoconductivity

spectra (see Fig. 1 in Ref. 4). The benefits of PC-based vibra-

tional mode spectroscopy have been demonstrated on: (i)

hydrogen substituting for oxygen in ZnO, where its LVM

occurs in the highly absorbing multi-phonon region,2 (ii)

interstitial oxygen in ultra-thin Si films, which illustrates

exceptionally high sensitivity,5 and (iii) interstitial hydrogen

in ZnO and rutile TiO2, from which the shallow donor nature

of these defects was concluded.3,4

The shape of the Fano resonance, Fanian,6 is given by

Ið�Þ / ð�þ qÞ2

1þ �2
; � ¼ x� X0 � DX

C=2
; (1)

where X0 is the LVM frequency, C is the spectral width, DX
is the additional shift, and q is the line shape parameter.

Qualitatively, the shape of the resonance strongly depends

on q ranging from an antiresonance (q¼ 0) to a Lorentzian

(q!61). The latter case manifests itself as an enhancement

of the photocurrent at x � X0 with respect to the background,

which unambiguously implies that the corresponding defect is

a dominant donor/acceptor in the sample. Thus, photoconduc-

tive detection of LVM provides not only the means to detect

defects in the cases where the standard techniques fail, but

equally importantly, allows to unveil their electrical activity.

The shape and even the sign of the Fano resonances,

however, critically depend not only on the nature of the

defect but also on the cumulative impact of defect’s concen-

tration, the sample thickness, and the presence of other

donors/acceptors contributing to the photocurrent.4

While there is a qualitative understanding of the basics

of photoconductive detection of LVMs, a quantitative model

explaining the sign, the shape, and the magnitude of the cor-

responding Fano resonances is still lacking. Here, we present

the results of a detailed photoconductivity and IR absorption

study of bond-centered interstitial hydrogen (HBC) acting as

a shallow donor in ZnO.7–9 With this well-known probe sys-

tem, we show how the apparent shape of the Fano resonances

due to the vibrational excitations of HBC and its isotopic

counterpart DBC depend on the donor’s concentration, the

sample thickness, and the amount ratio between hydrogen

and deuterium.

II. EXPERIMENTAL DETAILS

ZnO samples used in the present study were nominally

undoped needle-shaped single crystals grown from the vapor

phase at the Institute for Applied Physics, University of

Erlangen, Germany and had dimensions of about 10� 3

� 2 mm3. Hydrogen or/and deuterium was/were introduced

into the samples via thermal treatments in closed quartz
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ampules filled with H2, D2 or a gas mixture of H2 and D2

([H2]/[D2] � 1:1). The treatments were performed at 730 �C
for 1 h and terminated by quenching the ampules to room

temperature in water.

Fourier transform infrared absorption and photocon-

ductivity spectra were recorded with a Bomem DA3.01

Fourier spectrometer equipped with a globar light source

and a KBr beam splitter. The incoming light was unpolar-

ized with the wave vector, k, directed perpendicular to the c
axis of the samples. The spectral resolution was 0.5 and

1 cm�1 for the absorption and photoconductivity measure-

ments, respectively. The temperature of the samples during

the measurements was stabilized within 1 K in the range of

7–13 K.

For photoconductivity measurements, the ZnO sam-

ples were first etched with orthophosphoric acid for 2 min

at room temperature. Ohmic contacts with an area of about

2� 1 mm2 were then generated by scratching a mixture of

an In-Ga alloy onto the sample surface. Contacts were

located on the illuminated face of the samples. In order to

probe the dependences of the IR and PC signals discussed

in the paper on the sample thickness, measurements were

performed in a series of mechanical polishing, which grad-

ually thinned down the samples along the ½11�20� axis.

Here, ohmic contacts were located on the freshly polished

surface.

III. RESULTS AND DISCUSSION

A. Dependence on the sample thickness

First, we consider the influence of sample thickness on

the sign and intensity of Fano resonance due to a local vibra-

tional mode in the photoconductivity spectra. As mentioned in

Sec. I, interstitial hydrogen in ZnO acting as a shallow donor

has been employed as a probe system. The properties of HBC

and its isotopic counterpart DBC in ZnO have been docu-

mented in many publications. Both HBC and DBC are

effective-mass like shallow donors with an ionization energy

of about 53 meV.9 Spectroscopic features of HBC and DBC

were observed in photoluminescence,10 Raman scattering,9,11

photoconductivity,3,4 and IR absorption measurements.8,9

Contrary to the electronic properties, vibrational excita-

tions of hydrogen strongly depend on its mass. The stretch

LVM of HBC has a frequency of 3611 cm�1. It originates

from the defect’s O–H bond aligned parallel to the c axis of

the crystal.8 The corresponding LVM frequency of DBC is

red-shifted by about a factor of
ffiffiffi
2
p

down to 2668 cm�1.

The formation of HBC and DBC in ZnO with almost

homogeneous solubility-limited concentration profiles for

the samples with thicknesses of a few mm can be easily

achieved via thermal treatments in H2 and/or D2 gas at tem-

peratures above 700 �C.9,12

Figure 1 shows exemplary transmission and photocon-

ductivity spectra obtained for a ZnO sample hydrogenated in

the mixture of H2 and D2 at 730 �C. The spectra were

recorded after each step of a mechanical polishing series

which gradually reduced the sample thickness from 1800 to

265 lm. The features at 3611 and 2668 cm�1 are due to the

local vibrational modes of HBC and DBC, respectively. As

the sample is thinned down, the intensities of both LVMs in

transmission spectra decrease together with the number of

absorbing species.

In accordance with earlier studies, the vibrational excita-

tions of HBC and DBC in photoconductivity spectra occur as

positive Fano resonances due to the interaction with the con-

tinuum of the electronic states in the conduction band of

ZnO.3,4 Counterintuitively, both resonances turned out to

become stronger upon the reduction of the sample thickness

(upper two panels in Fig. 1).

Figure 2 summarizes the results obtained from the

mechanical polishing series. The top panel gives intensities

of the Fano resonances due to LVMs of HBC and DBC with

respect to the background photocurrent, Dj/j0, as a function

of sample thickness. The bottom panel shows the thickness

dependence of the integrated absorption of the 3611 and

2668 cm�1 lines. Generally, the concentration profiles of

HBC and DBC can be deduced by multiplying the derivatives

of these functions with the corresponding calibration factors

given in Ref. 9. Here, the concentration profiles of HBC and

DBC along the polishing direction were fitted by superposi-

tions of two asymmetric complementary error functions with

maxima at each of the opposite faces of the sample. While

the actual concentration profiles may deviate from the com-

puted ones because of substantial error bars in the absorption

data, we found that this model results in a reasonably good

fit to the experimental data (lines in the bottom panel of

the figure).

FIG. 1. Sections of photoconductivity and transmission spectra (both red)

obtained in a polishing series of a ZnO sample hydrogenated in an H2 þ D2

mixture ambient at 730 �C for 1 h. Spectra are baseline corrected and verti-

cally offset for clarity. The blue lines represent best-fit curves to the experi-

mental data (see Sec. III D).
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The model employed to obtain the best-fit curves to the

photocurrent data in the top panel will be explained in detail

in Sec. III C.

B. Dependence on the concentration ratio

It has been shown earlier that both sign and intensity of

the Fano resonance strongly depend on the concentration

ratio of the two (or more) shallow donors present in the

sample.4 Exemplary photoconductivity and transmission

spectra for samples treated in strongly different H:D ambi-

ents are presented in the upper and lower panel of Fig. 3,

respectively. All samples were polished down to about

300 lm in order to minimize the effect of LVM absorption

on the Fano resonance peak intensities in the PC spectra.

The top PC spectrum was recorded for a sample that has

been treated in D2 gas alone, whereas the two lower spectra

were recorded on the samples with the H:D ratios of about

1:3 and 2:1. As can be seen from the figure, the magnitude

of the Fano resonance peaks of DBC decreases as the rela-

tive amount of HBC grows in. Such a behavior is expected

since the contribution of the HBC donors to the net photo-

current becomes dominating.

C. Model

In order to explain the experimental results presented in

Secs. III A and III B, we consider a semiconductor with two

donors (subscripts e and q) one of which (e) has a local

vibrational mode with an energy Es resulting in a Fano reso-

nance of the corresponding photoconductivity spectrum with

a jqj � 1 or c � q (see Sec. III D and the Appendix),

whereas the second donor (q) does not have a singularity at

Es (see Fig. 4).

The amount of photoelectrons dn and thus the net photo-

current dj generated by an infinitesimally thin section of a

sample along the optical path is the sum of contributions

from both donors

FIG. 3. Sections of photoconductivity and transmission spectra of ZnO sam-

ples treated in a hydrogen gas ambient with different H:D ratios. Sample

thicknesses: bottom—330 lm, mid—310 lm, and top—90 lm. The spectra

are offset vertically for clarity.

FIG. 4. IR absorption (top) and photoionization cross-section (bottom) of

two donors one of which (left) has a local vibrational mode at Es, whereas

the other one (right) does not have a singularity in the vicinity of Es.

FIG. 2. Photocurrent (top) and integrated absorption (bottom) due to the

LVMs of HBC and DBC as a function of the sample thickness. The data were

obtained as a result of a mechanical polishing series on a ZnO sample hydro-

genated in an H2 þ D2 mixture ambient at 730 �C for 1 h. The red solid and

dashed blue lines represent best-fit curves to the experimental data (see the

text).
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dj / dn / NeseðEÞ þ NqsqðEÞ
� �

dJdx; (2)

where Ne,q are the concentrations of the two donors, se,q are

the cross-sections of ionization, and dJ ¼ IdE is the photon

flux per energy interval. In order to get an analytic expres-

sion for the intensity of Fano resonance, we assume that the

concentration profiles Ne,q are constant across the sample

thickness. In this case, the photon flux is given by

I ¼ I0 expð�aðEÞxÞ; (3)

where a(E) is the absorption coefficient. Integrating Eq. (2)

over the sample thickness, we obtain

j / NeseðEÞ þ NqsqðEÞ
� � 1� expð�aðEÞdÞ

aðEÞ : (4)

Here, we are interested in the relative intensity of the e-

donor’s Fano peak at its resonance frequency Es with respect

to the background

Dj

j0

¼ jðEsÞ � jðE 6¼ EsÞ
jðE 6¼ EsÞ

: (5)

Generally, the frequency-dependent absorption coeffi-

cient a(E) is a sum of those due to lattice absorption and the

two shallow donors. Disregarding for the sake of simplicity

the contribution of the lattice, we get that

aðEsÞ ¼ Neðai
e þ DaeÞ þ Nqa

i
q;

aðE 6¼ EsÞ ¼ Nea
i
e þ Nqa

i
q:

(6)

Here, ai
e;q is a term independent of E, whereas Dae is the

LVM absorption strength at Es. Similarly, the ionization

cross-sections can be described by

sðEsÞ ¼ re þ Dse þ rq;

sðE 6¼ EsÞ ¼ re þ rq;
(7)

where re,q are independent of E, whereas Dse represents the

additional term in the ionization cross-section due to the

Fano resonance.

In our model, we assume that both shallow donors can

be described by the effective-like mass theory, which implies

that (see Ref. 13)

re ¼ rq � r; (8)

ai
e ¼ ai

q � ai ¼
5:26� 10�17cm�2

nr

m

m	
EH

Ei

Ei

E

� �3:5

; (9)

where nr is the refractive index, EH ¼ 13.6 eV is the ioniza-

tion energy of hydrogen, Ei is the ionization energy of the

shallow donors, and m and m* are the mass of a free electron

and its effective mass in the crystal, respectively. For

HBC (DBC) in ZnO with Ei ¼ 53 meV, m*/m¼ 0.3,14–16 and

nr ¼ 1.9,17 we obtain that ai is about 1.35� 10�17 cm2

(3.88� 10�17 cm2) at 3611 cm�1 (2668 cm�1). The LVM

absorption strength at Es is deduced from the absorption data

giving Dae � 4.3� 10�17(2.3� 10�17) cm�2 for HBC (DBC).

It follows from here that Dae/ai � 3.22 (0.59) for HBC (DBC).

Finally, from Eqs. (4) and (5), we obtain the intensity of

the resonance in a sample doped with two shallow donors

Dj

j0

¼ 1þ gþ gDse=r
1þ gþ gDae=ai

�
1� exp �Nq 1þ gþ gDae=ai½ �aid

� �
1� exp �Nq 1þ g½ �aid

� � � 1; (10)

where g � Ne/Nq.

It follows from Eq. (10) that in the case of thin films,

(d! 0)

Dj

j0

¼ g
1þ g

Dse

r
: (11)

In particular, for two donors with equal concentrations

(g ¼ 1), the signal is half as strong as in the case of a single

donor (g!1).

For thick samples (d!1), we have

Dj

j0

¼ g
Dse=r� Dae=ai

1þ gþ gDae=ai
: (12)

As one can see, the sign of the resonance for thick samples

depends on the difference Dse/r � Dae/ai. That is, regardless

of the thickness, for a LVM with weak oscillator strength,

(Dae/ai ! 0) the resonance remains positive. Otherwise, not

only the magnitude but also the sign of the resonance

depends on d, Ne, and Nq. Moreover, at some stage, it

becomes zero and disappears from the spectra.

Figure 5 shows intensities of the Fano resonances due to

the LVMs of the HBC and DBC donors in the photoconductiv-

ity spectra of ZnO calculated from Eq. (10). In both cases,

the concentration of q-donor was set to 1017 cm�3. The black

line separates regions with positive and negative resonances.

Equation (10) cannot be directly employed to fit the exper-

imental data presented in Fig. 2 since the concentrations of

interstitial hydrogen and deuterium are not constant. The lines

in the top panel of Fig. 2 show the curves with the best-fit val-

ues DsH/r3611 ¼ 0.55 6 0.12 and DsD/r2668 ¼ 0.34 6 0.09

obtained from a numerical fitting procedure with the concen-

tration profiles explained in Sec. III A. Obviously, our model

can explain the experimental results reasonably well. Note that

the same values of Dse/r were taken to calculate the surfaces

presented in Fig. 5.

In the end of this section, we comment on the photocon-

ductivity data obtained on the unpolished sample. The points

at 1800 lm in the top panel of Fig. 2 do not seem to match the

best-fit curves. We explain this mismatch by the formation of

other shallow donors which is known to take place in the near-

surface layer of ZnO in the course of the hydrogenation treat-

ment. Well-known candidates are hydrogen and deuterium

substituting for oxygen (HO and DO), which form shallow

donor states in the band gap with an ionization energy of

47 meV.9 Under conditions employed in this work, it is HO

(DO) rather than HBC (DBC) that is the dominant donor(s) in a

5 lm-thick near-surface layer of the sample.10,18 The effect of

HO and/or DO would be therefore similar to that of the q-donor

discussed above, that is, the photocurrent due to HO and DO
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“competes” with that of the e-donor making the HBC and DBC

Fano resonance features more negative. The magnitude of this

effect should be strongly dependent on the particular measure-

ment geometry, concentration profiles, etc., and is not consid-

ered here quantitatively.

D. Shape of Fano resonances

As evident from Fig. 1, not only the amplitude but also

the shape of the Fano resonance features in photocurrent

change with the sample thickness for both HBC and DBC. The

classical formula given by Eq. (1) cannot be employed to fit

the spectra presented in Fig. 1 since it predicts zero photo-

current at � ¼ �q, which is never observed experimentally.

The generalized shape given by (for the derivation, see

Appendix A)

Ið�Þ / ð�þ qÞ2 þ c
�2 þ 1

; � ¼ x� X0 � DX
C=2

; (13)

with an additional parameter c was used to approximate

ionization cross sections se(E) and absorption curves Da(E)

due to LVMs of interstitial hydrogen and deuterium. The

instrumental resolution of the Fourier spectrometer was

taken into account as well. The best-fit spectra are pre-

sented by the blue lines in Fig. 1. Note that the minor fea-

tures around the 3611 cm�1 line, for instance at 3609 and

3612.5 cm�1, are due to residual water vapor in the spec-

trometer. The good agreement between experimental data

and simulated spectra gives us confidence in the validity of

our model. The best-fit parameters q and c are gathered in

Table I.

It follows from the table that in all cases, c� q, which

implies that Fano resonances due to HBC and DBC have

basically a Lorentzian shape. The apparent asymmetry of

the peaks especially obvious for large sample thicknesses

is a result of the distortion caused by the absorption as dis-

cussed in Sec. III C. We also note that both q and c are

slightly larger for IR absorption than in the case of photo-

conductivity. This finding is in qualitative agreement with

the theoretical consideration given in the Appendix [see

Eq. (B3)].

IV. SUMMARY

A combined photoconductivity and IR absorption study

of the interstitial hydrogen donor in ZnO is presented. With

the help of this probe system, it is shown that the sign, inten-

sity, and shape of Fano resonances due to vibrational excita-

tions of shallow donors occurring in the photoconductivity

spectra strongly depend on the sample thickness and the

presence of other electrically active impurities. The distor-

tion of the “natural” Fano shape of the resonances for bulk

samples is explained by the competing processes of photo-

ionization and absorption at the frequency of the correspond-

ing local vibrational mode. A quantitative model explaining

all the experimental results is proposed.
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TABLE I. Best-fit parameters for ionization cross-section se and IR absorp-

tion Da at LVMs of HBC and DBC.

se Da

HBC DBC HBC DBC

q 0.019 0.029 0.058 0.079

c 1.9 1.9 3.8 2.0

FIG. 5. Calculated intensities of Fano resonances due to LVMs of HBC (top)

and DBC (mid) as a function of sample thickness and concentration ratio ND/

NH. The black lines denote parameters at which the resonances disappear.

The bottom figure shows a 2D map of parameters d and ND/NH at which res-

onances are both positive (red), both negative (blue) or have opposite sign

(white). The concentration of the q-donor (see the text) is set to 1017 cm�3.

025704-5 Herklotz, Chaplygin, and Lavrov J. Appl. Phys. 124, 025704 (2018)



APPENDIX A: PHOTOCONDUCTIVITY

Consider a photoconductivity spectrum of a defect (i.e.,

shallow donor) which has an additional electrically inactive

localized state (i.e., vibrational mode) coupled with two con-

tinua: one resulting in a photocurrent via transition operator

T̂ e, whereas for the other one, the transitions from the ground

state into the conduction or valence band are forbidden (see

Fig. 6).19 Our analysis is based on the formalism reported in

Refs. 20–23. A similar approach has been applied earlier to

study photoconductivity spectra due to resonant electron-

phonon interaction in Si.24

The photocurrent is given by

IðEÞ ¼
X

E0
jhgjT̂ ejE0ij2dðE� E0Þ

¼ hgjT̂ e

X
E0
jE0idðE� E0ÞhE0j

� �
T̂ ejgi; (A1)

with X
E0

dðE� E0Þ ¼ � 1

p
Im
X

E0
hE0jĜjE0i; (A2)

where Ĝ is the resolvent or Green’s operator of the system

Ĝ ¼ 1

E� Ĥ þ i�
: (A3)

Here,

Ĥ ¼ Ĥe þ Ĥq þ Ĥs þ Ŵ þ V̂ � Ĥ0 þ Ŵ þ V̂ ; (A4)

where Ĥe is a Hamiltonian of the first continuum interacting

with the localized state jsi via operator V̂ ; Ĥq is a

Hamiltonian of the second continuum interacting with the jsi
state via operator Ŵ , so that the matrix elements are indepen-

dent of the jei and jqi states and are equal to V and W,

respectively. With Eq. (A2), the photocurrent given by Eq.

(A1) can be rewritten as

IðEÞ ¼ � 1

p
ImhgjT̂ eĜT̂ ejgi: (A5)

Here, we used the property of completeness and orthogonality

of both perturbed jE0i and unperturbed jsi; jei; jqi basis sets

1̂ ¼
X

E0
jE0ihE0j ¼ jsihsj þ

X
e

jeihej þ
X

q

jqihqj

and hijii ¼ 1: (A6)

Since the transition operator T̂ e acts only between the ground

state and the electronic states jei, it is more convenient to

rewrite Eq. (A1) in the unperturbed basis set as

IðEÞ ¼ � 1

p
ImhgjT̂ eĜT̂ ejgi

¼ � 1

p

X
e0;e00
hgjT̂ eje0ihe0jĜje00ihe00jT̂ ejgi: (A7)

We also assume that matrix elements hgjT̂ ejei are real, inde-

pendent of e, and equal to Te ¼ hgjT̂ ejei, where jei are the

states of the continuum generating photocurrent. This

implies that

IðEÞ ¼ � T2
e

p
Im
X
e0;e00
he0jĜje00i: (A8)

Further on,

Ĝ ¼ Ĝ0 þ Ĝ0ðV̂ þ ŴÞĜ; Ĝ0 �
1

E� Ĥ0 þ i�
: (A9)

In order to get the photocurrent spectrum I(E), we have to

calculate the quantity

he0jĜje00i ¼ he0jĜ0je00i þ he0jĜ0ðV̂ þ ŴÞĜje00i: (A10)

Because the jei states do not interact with jqi, we further

obtain

he0jĜje00i ¼ de0;e00

E� Ee00 þ i�
þ he

0jV̂ jsihsjĜje00i
E� Ee0 þ i�

: (A11)

Performing the summation, we getX
e0;e00
he0jĜje00i ¼ ðRe � ipqeÞ 1þ V

X
e00
hsjĜje00i

� �
; (A12)

where we used the identity

X
k

1

E� Ek þ i�
¼ RðEÞ � ipqðEÞ; (A13)

with q(E) being the density of states and R(E) being defined

as

RðEÞ ¼ P

ð
qðE0Þ

E� E0
dE0: (A14)

Here, P stands for “principal value”.

Next, we need to calculate the quantity

hsjĜje0i ¼ hsjĜ0je0i þ hsjĜ0ðV̂ þ ŴÞĜje0i

¼ hsjV̂ Ĝje0i
E� Es

þ hsjŴĜje0i
E� Es

¼ V

E� Es

X
e00
he00jĜje0i þ W

E� Es

X
q

hqjĜje0i:

(A15)
FIG. 6. Energy level diagram of a model system giving rise to a Fano reso-

nance in photoconductivity and IR absorption spectra.
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The last term above is

hqjĜje0i ¼ hqjĜ0je0i þ hqjĜ0ðV̂ þ ŴÞĜje0i

¼ W

E� Eq þ i�
hsjĜje0i;X

q

hqjĜje0i ¼ ðRq � ipqqÞWhsjĜje0i:
(A16)

If we denote

x ¼
X

e0
hsjĜje0i;

y ¼
X
e0;e00
he00jĜje0i ¼

X
e0;e00
he0jĜje00i;

z ¼
X
q;e0
hqjĜje0i:

(A17)

we get a system of equations

xðE� EsÞ ¼ VyþWz;

y ¼ ðRe � ipqeÞ 1þ Vxð Þ;
z ¼ ðRq � ipqqÞWx:

(A18)

Solving it, we obtain

y ¼
ðRe � ipqeÞðE� Es � ðRq � ipqqÞW2Þ

E� Es � ðRq � ipqqÞW2 � ðRe � ipqeÞV2
(A19)

and thus the photoconductivity spectrum

Ið�Þ ¼ qeT2
e

ð�þ qÞ2 þ c
�2 þ 1

; (A20)

where

C=2 ¼ pqqW2 þ pqeV2;

� ¼ E� Es � ReV2 � RqW2

C=2
;

q ¼ ReV2

pqqW2 þ pqeV2
;

c ¼
qqW2

qqW2 þ qeV2
þ

qqR2
eV2W2

p2qeðqqW2 þ qeV2Þ2
:

(A21)

This expression can be simplified if we assume that both

continua have the same nature implying that V�W and qq

� qe. The latter follows from the fact that the T̂ e operator

transforms an electron/hole from the ground state jgi to the

continuum jei states with the orbital momentum l¼ 1, which

is only a small fraction of all possible states of the charge

carriers in the conduction/valence band interacting with the

localized jsi level. Moreover, since LVMs considered here

are located well above the bottom of the conduction band Re


 qe
 qq. With these assumptions, we obtain that

q � 0; c � 1þ q2
qq

qe

� q: (A22)

It leads us to an important conclusion that Fano resonances

due to LVMs of electrically active defects should have a

positive sign over the background and reveal a slightly dis-

torted Lorentzian shape.

Our conclusions agree with the experimental findings

(see Table I). Moreover, from Eq. (A22), we obtain that qe/qq

� 10�3, which is consistent with our suggestion and gives us

further confidence in our approach.

APPENDIX B: ABSORPTION

In this case, the light can be absorbed by both a local-

ized state of the impurity and via excitation of an electron/

hole from the bound state into the conduction/valence band.

In addition to T̂ e, a transition operator T̂ s from the ground to

the localized jsi state is introduced (see Fig. 6).

Following the formalism described above after straight-

forward but somewhat tedious calculations, we obtain that

the absorption/scattering spectrum can be formally described

with the same expression as Eq. (A20), where the �, C, q,

and c parameters are now

C=2 ¼ pqqW2 þ pqeV2;

� ¼ E� Es � ReV2 � RqW2

C=2
;

q ¼ ReV2 þ TsV=Te

pqqW2 þ pqeV2
;

c ¼
qqW2

qqW2 þ qeV2
þ

qqW2ðReV þ Ts=TeÞ2

qep2ðqqW2 þ qeV2Þ2
:

(B1)

Note that in the case of pure absorption, Te ¼ 0, we get

the usual Lorentzian line shape withð1
�1

IðEÞdE ¼ T2
s : (B2)

It is interesting to compare the photoconductivity (sub-

script pc) and absorption (subscript abs) spectra of the same

donor. Of main interest are parameters C, q, and c. After sim-

ple transformations, we get that

Cabs ¼ Cpc;

qabs ¼ qpc 1þ Ts

TeReV

� �
¼ qPh þ

Ts

Te

V

C=2
;

cabs � cpc ¼
qqW2

p2qeðqqW2 þ qeV2Þ2

� ReV þ Ts

Te

� �2

� ðReVÞ2
" #

:

(B3)
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