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A new acousto—electrical method making use of transient transverse acousto—electric voltage
(TAV) to study solid state structures is reported. This voltage arises after a surface acoustic wave
(SAW) generating the signal is switched off. Related measurements consist in detecting the shape
of transient voltage and its spectral and temperature dependence. Both theory and experiment
show that this method is an effective tool to characterize trapping centers in the bulk as well as at
surfaces or interfaces of epitaxial semiconductor structures.
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I. INTRODUCTION

Different methods are known to study crystal defects
and deep levels in semiconductors in solid state physics.
Most of them, including modern Scanning Tunneling Mi-
croscopy techniques, allow to characterize surface de-
fects. At the same time multilayer and epitaxial semi-
conductor structures are strongly influenced by defects
[1-3] which can be located at the interfaces between epi-
layers and substrate. Up to now no appropriate experi-
mental methods exist to characterize these interface de-
fects. Recently some publications reported the transient
acousto—electric effect in semiconductors with defects [4—
6]. Transient transverse acousto—electric voltage (TAV)
generated in semiconductors has already been used in the
past [7, 8], but this using has not been aimed to interface
defect characterization and has not included correspond-
ing acousto—optical measurements.

If the TAV method is applied some difficulties of in-
terpretation of the experimental results have to be sur-
mounted. The point is that the TAV amplitude strongly
depends on several parameters, among them the influ-
ence of piezoelectric field strength E, on local centers
has to be mentioned. To avoid these difficulties we pro-
pose to measure the transient TAV signal just after the
excitation pulse has to be switched off.

II. THEORY
A. MECHANISMS OF THE TAV ORIGIN

TAV is one of the manifestations of ultrasonically acti-
vated redistribution of the electrical charges in semicon-
ductors. It is generated across layered systems consist-
ing of piezoelectric and semiconducting materials due to
a piezoactive surface acoustic wave (SAW) propagating
along the piezoelectric. The SAW piezoelectric field pen-
etrates inside the semiconductor causing charge carriers
redistribution in the near surface region.

Two main mechanisms of generating the TAV effect
exist in semiconductors. The first one, the so-called
”concentration-effect” is due to the variable component
of sample conductivity o, [9]. It is a result of electron
concentration redistribution under the action of the vari-
able piezoelectric field E, of SAW. Hence, the direct com-
ponent of the acousto—electric current is defined by:

Ts

jO = (UUEU) (1)

where the averaging is carried out on the acoustic wave
period T. The relaxation time of this TAV signal com-
ponent is defined by the Maxwell’s relaxation time 7,,, of
free charge carriers (7., = eeg/0p). Usually 7, is much
less than the period length of SAW. Therefore one can
suppose that the relaxation time of the ”concentration”
TAV is equals to zero.

The second mechanism of the TAV generation is con-
nected with semiconductor defects. The presence of the
high—frequency SAW electrical field in the near surface
region results in increasing the free charge carriers con-
centration. This, in turn, causes an increasing of the elec-
trical charge captured on deep trapping levels, which are
located either at interface or surface. As a result a di-
rect electrical field perpendicularly to the sample surface
is occurring. The amplitude of this "trap” TAV compo-
nent is proportional to the excess concentration of the
charge captured on trap levels [10].

Let us assume that the concentration of this charge
is Ang(t). For the simplest case of only one type of sur-
face defects existing the transient TAV the signal can be
written as

Vae(t) = Coe Any(t) (2)

where the coefficient C,. depends on the sample param-
eters.

The voltage V,.(t) is connected to the relaxation of
the electrical nonequilibrum charge trapped by surface

143



I. V. OSTROVSKII, S. V. SAIKO, O. YA. OLIKH, H. G. WALTHER

defects. As far as the relaxation time does not depend on
the particular mechanism of excitation of the electronic
subsystem, it is possible to use a standard theoretical ap-
proach. The relaxation time 7 is a function of trap level
parameters. In the following we will consider an n-type
semiconductor. Then it holds

_ 1 E./kT
T = NCVTSne (3)

where N, is the density of states of the conductivity
band, Vp is a thermal velocity of free electrons, k is
Boltzmann’s constant, T' is temperature, E; is an energy
depth of the electronic trap level counted from the edge
of conductivity band and S, is an effective cross section
of electron capture by trap centers.

Usually different types of trap levels exist. In this case
the excess concentration Any; of charge carriers captured
by the i—type surface traps, can be written as:

dAnti Anti
= - Fi(t 4
dt i) (4)

where 7; represents the characteristic relaxation time of
the i—type level, F;(t) is an external force, which initi-
ates the capturing by surface traps. The physical nature
of the said force is connected with the piezoelectric field
of SAW.

If the ultrasonic wave amplitude is modulated by rect-
angular pulses the external force F'(¢) has the form

_ J const, 0 <t < T,
Fo={ 5 05, ®)

where T}, is the pulse duration. The radio frequency im-
pulses and the corresponding TAV pulse are presented
on fig. 1. The TAV pulse shows a monotonous increase
(”AB”) and a monotonous decrease ("BC”). This shape
of the TAV signal is typical for the trap component. The
measurement of the shape of the transient TAV signal
is made along "BC” in fig. 1. Note that in this case the
external force vanishes (F'(t) = 0) during our measure-
ments. In this case the solution of equ. 4 is a decreasing
exponential curve with the relaxation time 7;. For dif-
ferent trap levels in the sample the TAV signal can be
expressed by a sum

N
Vae (t) =Vo + Z‘/ie_t/n (6)

i=1

where the times 7; correspond to various i—levels. The
summation has to be carried out over all existing traps
in the near surface region. The coefficients V; are propor-
tional to the concentrations of the various trap types.
The first term in equ. 6 presents the contribution of
"very slow” levels in TAV. Such levels can exist in the
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Ay Bg—compounds or in MIS—structures with the relax-
ation times 7 of about some hours while modern A3Bsy
epilayer structures do not have such slow levels. The signs
of Vo and V; are opposite for the electron and hole cap-
ture centers.

SAW

Fig. 1. Time dependence of input rf-voltage V exciting
SAW and resulting TAV signal.

Thus, it is possible to determine the relaxation time 7
by measuring the TAV signal. The transient TAV relax-
ation time 7 is determined by the rate of thermal emis-
sion and trapping of charge carriers on the surface levels.
In turn, the rate of reaching the thermodynamic balance
between capture centers and conduction zones in a semi-
conductor structure depends on characteristic parame-
ters of these centers, such as energy depth E; and effec-
tive cross section S,,. The calculation of S,, by means of
equ. 3 is successful only if the energy levels Ej; is known.
For this reason additional information about E;; and re-
laxation time 7; is needed. It can be obtained by mea-
suring the optical spectra of TAV signals or the thermal
dependence of the TAV signal.

B. ANALYSIS OF TAV SPECTRAL
DEPENDENCIES

The illumination of a semiconductor surface changes
the distribution of free and captured charge carriers. Now
we consider the influence of monochromatic illumination
on various components of the TAV signal. For singly
charged electron traps the process of electron capturing
follows the equation

dn
d—tt = Cnns(Nt — ’nt) - ﬂnnsont (7)

where V; is the concentration of the surface trap levels,
ng is the concentration of captured electrons; ng is the
concentration of the free charge carriers near the semi-
conductor surface and C),, and 3, are the probabilities
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for capturing and releasing charge carriers. The concen-
trations n; and n, deviate from their equilibrium values
ngo and ngy under the influence of ultrasonic waves:

ng = ngo + Ang, ng = Ngo + Ang. (8)

The condition of the thermodynamic balance in the
absence of the acoustic wave is

Crnso (Nt — ngo) — Brnsonio = 0. 9)

This equation provides the connection between the co-
efficients C),, and f,, . For the non—degenerate semicon-
ductor we obtain:

Bn = Crexp((Et — Fy0)/kT) (10)

where Fyq is the Fermi level at the surface. By substitut-
ing equs. 8 and 10 into equ. 7, we obtain:

e Cnl(Nt — nio(N))Any (11)

—(ns0(N) + Angg(N) + Nee Z/F) Any (V)]

Note, that An; and Ang are averaged over the acoustic
wave period. The acousto—electrical voltage component,
which is connected to trapped charge, is proportional to
the excess charge on the said traps (V,.~An;). Perform-
ing the measurement of the TAV signal and its shape
under quasi—equilibrium conditions, it means:

dAnt
dt

=0. (12)

Then, from equ. 11 we receive the following expression
for the trap TAV component:

Vae ~ Ant(/\) = (Nt — ’I’Lt()(/\)) (13)

X Ang(A)
(nso(A) + Ango(X) + Nce—Et/kT)'

The values ni, Ans and Angy depend on sample il-
lumination. However, if the photon energy hv does not
exceed the band gap energy E¢ and direct electronic ex-
citation from the valence band to conduction band does
not occur, the changes of concentrations ny and Angg
are rather small. In this situation the TAV spectra is
mainly determined by the first co-multiplier (N;—nq(A))
in equ. 13. At sample illumination with light photon en-
ergies exceede the value determined by equ. 14:

E, = Eg — hv (14)

the charge carriers transferring from the valence band to

capture centers result in the growth of ns. Then the dif-
ference (Ny—nqo(A)) in equ. 13 decreases, and a minimum
should be observed in the TAV spectrum. If several types
of trap levels take part in the TAV signal formation, then
several corresponding minima should be observed in the
optical TAV spectrum.

C. ANALYSIS OF THE RELAXATION TIME
TEMPERATURE DEPENDENCE

The value of an energy position of the deep trap lev-
els F; can also be obtained from the temperature depen-
dence of the relaxation TAV time 7. This dependence can
be obtained from equ. 3. The temperature dependence of
N. and Vr for the nondegenerate semiconductor is well-
known: N, ~ T3/2, Vi ~ T'/2, For attracting Coulomb
center at room temperature S,, ~ T2 [11]. Therefore:

N (T)Vr(T)Sp(T) ~ const(T). (15)

If this relation is not absolutly exact, the tempera-
ture dependence of expression (15) will be much weaker
than the exponential dependence. Consequently, for deep
levels (F; >> kT) and small temperature changes the
temperature dependence of (N.VrS,) can be neglected
in equ. (3). Having two times 7y and 7» for two differ-
ent temperatures T; and T», we can to calculate E; by
equ. (16):

g, - FLWnn(T)/n (1))
' (Tx/T1) — 1

(16)

One can enhance the precision of E; determination by
using a plot of In(7) on T~ !, if the experiments are done
in some temperature range:

In(r(T)) = (E;/kT) + const(T) (17)

The curves of these dependences are direct lines. The
angles of the declination of these plots are set by the
value of E;. Thus it is possible to define the value of F;
for each trap level.

III. SAMPLES AND EXPERIMENTAL
TECHNIQUE

We investigated three types of GaAs—samples. The
first one labeled a GA-1 is the structures of the epi-layer
n-GaAs on the n-GaAs substrate. They were achieved by
an industrial vapor phase epitaxy method in the system
Ga—AsCl3—Hs;. The substrate, 0.35 mm thick, was doped
by Te with N &~ (1 < 2) x 10'8cm™2. The free carrier
concentration of the epi-layers, doped by Te too, 6-9 mi-
crons thick for different samples, was (0.6 + 1.2) x 10%°
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cm 3. The second one labeled as GA-2 consists of a
400pm thick GaAs—substrate with a 1um thick epitaxial
layer of n-GaAs on it. The third sample labeled as GA-3
consists of the GaAs substrate and a 8um thick epitaxial
layer with electron concentration n ~ 10 cm 3. GA-2
and GA-3 samples were fabricated by MOCVD process.

TAV Metal

T F—clectrode

Vp(e)ioputy [ gemiconductor. (oulput)

‘h

I
LiNbO;

TAV

Vy(m)(input) Metal
1IDT clectrode

SAW_A A A = Epi-GuaAs

SI-GaAs

b)

Fig. 2. Two versions of sample arrangements performing
transient TAV measurements: a) separate medium configura-
tion, b) integrated configuration.

The samples GA-1 and GA—2 were placed by the epi-
taxial layer on the lithium niobate plate. On this plate
SAW of 6 MHz were excited. The TAV signal was picked
up between a bottom ground electrode and a flat metal
electrode attached on the upper surface of the GaAs sam-
ple as shown in fig. 2, a. This arrangement is very conve-
nient because no special sample preparation is required
and sample replacement is easy to do. For example, it
is not necessary to form electrical contacts to the sam-
ples. As far as GaAs is a piezoelectric material, it can
simultaneously play the role of the piezoelectric waveg-
uide as shown in fig. 2, b (for GA-3). In this case SAW
of 67 MHz are excited by means of an interdigital trans-
ducer deposited on the sample surface. The TAV signal
was measured between the ground electrode and the alu-
minum film which has to be evaporated on the epitaxial
layer.

IV. EXPERIMENTAL RESULTS AND
DISCUSSION

A. THE EXPERIMENTAL DEFINITION OF THE
TRANSIENT TAV RELAXATION TIMES

The task of the subsequent mathematical procedure
consists in finding out the values of V; , 7; and N from
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equ. 6. For this aim it is necessary to determine the num-
ber of effectively acting types of surface levels N. There-
fore we have to analyze the plots In(V,.) versus time.
For N = 1 this dependence should be a straight line.
Its slope gives the relaxation time 7. In the case of two
or more exponential components this plot has a more
complex form. The number of rectilinear sites on these
curve corresponds to the number of trap centers. One
can define characteristic relaxation times from the dec-
lination angles of these directs. In our experiments the
values V; and 7; were estimated by the interpolation of
the transient TAV signal (part "BC” in fig. 1) with the
help of a special computer program which had found out
the number of different type levels simultaneously. The
data obtained from GA-2 show the occurrence of two
exponential terms with the decay times of 2 and 12 ms.
In fig. 3 the parts ”ab” and ”bc” of the curve 1 corre-
spond to two types of traps having the relaxation times 2
and 12 ms, respectively. The experiments with the GA-3
sample show two different terms in total TAV signal cor-
responding to the two parts ”ab” and ”bc” of the curve 2
shown in fig. 3. We can distinguish two types of trapping
centers having relaxation times of 4.5 and 22 ms at room
temperature. Four local centers having relaxation times
of 2.2, 1, 22 and 1.7 ms were also found in the samples
GA-1 at room temperature.

un'ts)

Ln(TAV ) (arb.

4 | 5\ 1 L

t (ms)w0

Fig. 3. Logarithmic plot of transient TAV signal versus
time. 1 is plot for GA—2 and 2 is plot for GA-3. Parts "ab”,
and ”"bc” correspond to different types of trapping centers.

Additional measurements were carried out for a fur-
ther identification of these trap centers and for the def-
initions of their parameters. The relaxation time of a
transient TAV was measured at various temperatures in
the GA—1 samples (see item 2.3). The samples GA-2 and
GA-3 were used to measure spectral dependencies of a
TAV signal (see item 2.2).
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B. TEMPERATURE DEPENDENCES OF THE
TRANSIENT TAV

The descending parts of the TAV signal for the GA-
1 series at various temperatures are presented on fig. 4.
We can see, that the TAV relaxation time decreases with
the temperature increase. Our measurements were car-
ried out in the temperature range of 294 to 330 K.

1.0

0.8 3

0.6 1

V1av: ]
a.u.

0.4 3

0.2 5

0.0 e
0 1 2 3 4 5
t, ms

Fig. 4. Shape of the descending parts of the TAV signal
at various temperatures for GA-1: 296 K (1), 305 K (2) and
318 K (3). Points — experimental data; curves — theoretical
calculation by equ. (6).

x * 7 = 3 Q

&D 1, eV

Fig. 5. Dependence of 7 on T~' (GA-1). At room tempera-
ture the relaxation time 7 is equal to 2.2 ms for the plot 1, 1.0
ms plot 2, 22 ms plot 3 and 1.7 ms plot 4. The slops of plots
1, 2, 3 and 4 give four levels E1, E», E3, E4, respectively.

The plots of 7 on T~! are shown on fig. 5. Practi-
cally they are direct lines, angles of declination of these
lines give the trap level energy positions E;. Knowing
the characteristic relaxation times of the excess charge
7; and the energy levels of the interface centers Ey;, we
can calculate the effective capture cross section S,; for
these levels by equ. (3).

Thus, four deep levels were detected at the samples un-
der study. They were designated as levels E; 5 3,4. The
characteristic parameters of the said centers are pre-
sented in the tabl. 1. The characteristics coincidence of
the Ey level and the data from literature [12] allows us
to say that Ej is electron center EL3. The configuration
As; Vg, is assigned with this level. Indeed, the excess of
the interstitial arsenic (As;) and the gallium vacancies
(Vaa) should be observed in the GaAs, doped by tel-
lurium. Certainly, the tellurium interstitial (Te;) can be
significant at this case too. It is possible to conclude, that
level Ey is the EL17 center [13-15], E3 being the EL5
center [14]. Level Ey can be identified as the electron
center EL6 [16]. All these levels deal with the vacancies
of gallium (V) and arsenic (Vi) [13-16].

Samples|Level| Type| E;, eV r,ms | Sp, cm?
GA-1 | E, |EL17(0.23 £0.02[2.2+0.2]0.7 x 10~
GA-3 | Ef |EL17[0.20£0.01[45£04[15x 101
GA-1 | E, | EL6[0.29+0.02]/1.0+0.1]1.6 x 10~ 7
GA-1 | E; |EL5[0.42+£0.02] 22+2 [1.4x 10716
GA-1 | E; |EL3[0.56 £0.02[1.7+0.2] 4 x 10~
GA—2 | Ef |EL3[054£001]2£003[25x10 1
GA-3 | E; |EL4[0.48+0.01] 22+1 [ 2x 10~
GA-2 | Ef |EL4|0.48+0.01] 12+1 | 4 x 1015

Table 1. Characteristics of interface trapping centers in epi-
GaAs at room temperature.

C. EXPERIMENTAL SPECTRA OF THE
TRANSIENT TAV

Also, for the determination of trapping level energy the
optical spectra of transient TAV are investigated. A sam-
ple under investigation is illuminated with the monochro-
matic light in the range from 0.6 to 1.6 eV. Then TAV
signal is separated for partial exponential components
with different relaxation times 7; with the help of a spe-
cial computer program in general. Each such component
is characterized by a certain value of partial amplitude
Vi which varies during illumination. The said amplitudes
Vi determines the contribution to a total TAV signal of
i—type traps having relaxation time 7;. This contribu-
tion reaches the minimum at the illumination of sample
surface by monochromatic light with the photon energy
equal Eq — Ey;, in accordance with formula (13). Thus
a spectral position of the minimum in a spectrum of the
i—partial amplitude V;(hv) determines the appropriate
energetic level Ej;.
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The spectra of partial amplitudes V; are shown on
fig. 6. The plots (1 and 2) are taken from the GA-2 sam-
ple for the relaxation times 12 and 2 ms, respectively.
The minima on these curves correspond to the two types
of deep levels at Ef=0.48 eV and E;=0.54 eV below
the conduction zone. The plots 3 and 4 are taken from
GA-3 sample for the relaxation times 22 ms and 4.5 ms,
respectively. The minima on plots 3 and 4 correspond to
two types of deep levels at E5=0.48 eV and E{=0.20 eV
below the conduction zone.

Now, knowing the energy positions of trapping centers
and the related relaxation times, we can calculate the
effective cross sections S, for the capture of charge car-
riers by these trap centers. Below, characteristic defect
parameters in the epitaxial GaAs structures under study
are presented in the Table. The defect identification was
done by comparing the energetic position with the lit-
erature data on deep levels in GaAs [12,13, 17-20]. One
can see, that deep trap levels of the types EL3 and EL17
are detected both with the help of spectral research and
measurements of the TAV relaxation times’ temperature
dependencies.
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Fig. 6. Spectra of the TAV exponential component. 1 —
7 =12ms (GA-1); 2 — 7 =2 ms (GA-2); 3 — 7 = 22 ms
(GA-3); 4 — 7 = 4.5 ms (GA-2). The four minima labeled
as EY, Ej, Es, E correspond to the three trapping centers
detected in the samples under study. The band gap energy is
marked by Eq.

The difference in values of relaxation times for the lev-
els By, Ef and Ej ,E? in different samples can be ex-
plained as follow. The relaxation time of the captured
charge is determined by two parameters — the energy
depth E; of the trapping center and its capture cross—
section S,,. The said E; depends on the atomic structure
of the local defect and so does not vary from sample to
sample. Conversely, the value S, depends both on the
type of trapping level and on the electrical properties
of the semiconductor itself, including the configuration
of electrical potential near the defect and its shielding
by a free charge. Therefore the characteristic relaxation
times for the same trapping levels, but varying on the
manufacturing samples, can differ from each other.

V. CONCLUSIONS

The acousto—electric method can be advantageously
applied for studying interfaces in modern epilayer semi-
conductor structures. The experimental data followed by
the appropriate mathematical processing allow to esti-
mate the characteristic relaxation time, energy position
in the forbidden zone and the electron capture cross—
section for each of these centers. By this approach we,
for the first time, measured the relaxation times of trap
centers.

Investigating the interface between the epitaxial
GaAs-layers grown on the substrate by the MOCVD
process and the chlorine vapor method we found five dif-
ferent types of trapping defects. They were identified as
EL3, E1L4, EL5, EL6 and EL17 centers. Their character-
istics at room temperature are summarized in the Table.

The different GaAs centers are known to be observed
in the samples, achieved by a different technique [13].
The coincidence of the level’s parameters permit to con-
clude that levels EL5 and EL17 can be present in the epi-
taxial structures reached by the chlorine vapor method
as well as by the MOCVD technique.

The method described can also be applied to the in-
vestigation of other semiconductor structures, including
those based on the Si and AsBg compounds.

Summarizing the obtained results we may conclude
that the transient TAV technique is a reasonably sim-
ple and effective method for characterizing surface and
interface trap centers.
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AKYCTOEJIEKTPUYHE ONOCJILI>KEHHSA PIBHIB 3AXOIIJIEHHSA HA IHTEP®ENCI
EIMITAKCIAJIBHUX CTPYKTVYP GaAs

I. B. Ocrposenkmii’, C. B. Caiixo®, O. 5. Onix', I'. T'. Bamsrept
t Kuiecoru yrnisepcumem imeni Tapaca Ilesuenka, disuwnuil daxysvmem,
Kuis, UA-252022, Ykpaina
iYHieepcumem Opidpiza Hluanrepa, ITncmumym onmukyu ma K6GHMOB0T eAEKMPOHIKU,
077,83, €na, Himeuwwuna

Pobora mpucBsyeHa MeTOmOBI aKyCTOEJEKTPUIHOI pestakcariiiaol cmexTpockomii rnbokux pisuiB. Ilopsam 3
TEOPETHYHUM AHAJII30M HaBEOEeHO pe3yJIbTATH HOro MPaKTUYHOTO 3acTOCyBaHHdA. lleif MeTonm rpyHTYeThCA HA
BHBYEHHI CIEKTPAJJIBLHOI Ta TEMIEpPaTypPHOI 3a/IeXKHOCTel MOMepevHol aKyCTOeJIEKTPUYHOI HAIPYTH, M0 BUHUKAE

B II'€30HAIBIPOBIIHUKAX MPHW TOMHUPEHHI aKyCTUIHOl XxBuyi. BiH mae 3mory mocsimxyBatu riimbOKi piBHI B 3a-

OopoHeHiil 30HI HAMIBIPOBIAHUKIB, MO PO3TANIOBAaHI SIK OE3MOCEePeNHhO HA iXHIil MOBEpXHI, TaK i HA MeXi MOIiITY

emimap—migk/agKa B eMiTakCisIbHUX CTPYKTYypax. 30KPeMa, MOXKJIMBAM € BH3HAYEHHS XapPAKTEPHOTO 4YaCy pe-

JaKcamii 3apsmay Ha WX pIiBHAX, IXHBOI €HEPreTHYHOl TVIMOMHN 3aJ/ISAraHHs Ta MJIOMI TOMEPETHOro Mmepepisy 3a-

XOTLJIEHHSI HOCIIB. Y pPOBOTI mMOmaHO pe3y IbTaTh HOC/IIXKEHb PANy eHiTaKCis/IbHUX CTPYKTYpP Ha 0a3i apceHimy

raJiito, Burorosienux 3a monomororo MOCVD rexuostorii Ta meromy razodaszoBoi emitakcii. Y mux CTpyKTypax

BusBIIeHo stk pisuis: EL3, EL4, EL5, EL6 i EL17 ta Bu3nadeno ixui mapamerpun.
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