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The effects of strain-induced structural defects imid-doped I ,Ga, AS/GaAs multiple-quantum

well sample were studied with time-resolved electron-beam-induced absorption modulation, in
which carrier recombination lifetimes and ambipolar diffusion constants are measured with high
spatial, spectral, and temporal resolution. Based on a phenomenological model, carrier lifetimes in
the limit of weak excitation at room temperature were determined. The lifetime is found to be
reduced by a factor of-10' compared to a theoretically calculated value, owing to the presence of
strain-induced defects and alternate recombination channels. By using a two-dimensional diffusion
model, the ambipolar diffusion coefficienf3, along high-symmetry{110], [110], and [100]
directions were determined and resulted in an anisotropic behavior suctDidt>DL110]
>DL001 The anisotropy in diffusion is attributed to corresponding asymmetries in the misfit
dislocation density. ©1996 American Institute of Physids$50021-89766)09709-9

I. INTRODUCTION such as high-electron mobility transistgEMTSs)” and het-
erojunction  phototransistors (HPT9%® based on

Periodically dopedhipi multiple-quantum well(MQW)  In,Ga,_,As/GaAs heterojunctions, the strain-induced struc-
structures are attractive for a wide variety of electro-optictural defects have a deleterious influence on excess carrier
device applications, including spatial light modulatorslifetime and transport. We have previously demonstrated the
(SLMs),! owing to large nonlinear optical effects that can befeasibility of using a novel technique called electron-beam-
achieved from the doping. A high responsivity in photo-opticinduced absorption modulatiofEBIA)!'~**to examine the
modulation of the effectivanipi band gap, MQW excitonic influence of strain-induced defects on the excess carrier life-
absorption, and refractive index can be achieved by a relaime = and the ambipolar diffusion coefficieft, . In addi-
tively weak optical pumping imipi-doped MQWs-? Thisis  tion, we showed, using a 1D diffusion experiment, that an
due to the photogenerated spatially separated electron—had@isotropy in diffusive transport exists and is correlated with
(e—h plasma, which exhibits a long recombination lifetime the difference in density of strain-induced defects along the
and a large in-plane ambipolar diffusion constaAlso, the high-symmetry(110 directions*® In this article we further
large control over the plasma density fipi-based SLM  extend our EBIA approach, utilizing a combination of a new
structures enables a spatial and quasi-optical modulation afme-resolved EBIA and a 2D Haynes—Shockley-type diffu-
the transmission and reflection of micro/millimeter waves forsive transport experiment to directly measure the excess car-
applications in phased-array signal processing, telecommuniier lifetime 7 and the anisotropy of the ambipolar diffusion
cation, and radiometry, as recently demonstrated@he de- coefficientD,. The variations in ambipolar diffusive trans-
termination of fundamental MQWiipi-parameters, such as port along high-symmetrj110], [110], and[100] directions
the excess carrier lifetime and the ambipolar diffusion co- are determined. This can possibly provide important infor-
efficientD,, is of paramount importance in developing de- mation in understanding the influence of structural defects on
vice applications and enhancing the basic understanding afansport in numerous devices based on InGaAs/GaAs.
nonlinear electro-optic effects and their interplay with strain
relaxation.

The InGa _,As/GaAs MQW system, owing largely to
the transparent nature of the GaAs substrate with respect to  The nipi-doped MQW structure has been described pre-
the MQW interband transition energies, is a leading candiviously, and a schematic of the band edges is shown in Fig.
date for SLM device applications. In the,(Ba, _,As/GaAs 1 11-13Briefly, it was grown by molecular-beam epitaxy on a
MQW system, misfit dislocations and an associated CottrelaAg001) substrate and consists of 44, WEa, ;As QWSs,
atmosphere of point defeétwill be generated after a certain each 65 A thick, and separated by 780-A-thick GaAs barri-
critical thickness has been reached. As is common in alérs. In the center of each GaAs barriep-dype Be-doping
strained systems and related electronic device applicationsiane with a sheet density of %10 cm 2 was inserted.
On both sides of the QWs, using 100-A-thick spacer layers,
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FIG. 1. Energy band diagram of tmépi-doped MQW structure. The struc- . .
ture is illustrated for the case @éfdoping, which results in linear variations 0 ———
in the conduction E.) and valence i) -band edges relative to the quasi- 900 950 1000 1050
Fermi levels for electrons and holég,, and ¢, respectively. A {nm)

variation in the band edges along the growth direction andfIG. 3. EBIA spectroscopy measurement of tigi-doped MQW sample at
during electron—hole pair generation, electrons will be at-anous probe currents,, at a temperature of =296 K.
tracted to the QWs and the holes to the barrier region mid-

way between the wells, resulting in their spatial separation. N ) _ )

In order to laterally confine the e—h plasma to a well-definedn® trailing decay signal. A standard boxcar integration tech-

region, conventional lithographic techniques were used t&lidue is used to sample the EBIA signal at various times

pattern the sample into square mesas-®0x90 xm?. An after the electron beam is turned off in order to measure the

important aspect ofiipi-doped semiconductors is that passi- d€cay time. The sampling frequency and e-beam blanking

vation of the side edges of a mesa is not required to preverfeduency is provided by a square wave reference signal with

surface recombination of excess carriers since the majorit§ frequency set to 100 Hz, giving a sampling interval of

carriers (excess electrons and holes in the and p-type  trep=10 MS. In the boxcar time scan mode, both the gate time

regions, respectivelyare essentially repelled from these (I-€., sampling windowts and the increment of time delay

edges. A nonpatterned planar region-efx1 cn? was ex- Ala are set to 10Qus, giving a total of 50 time channels

amined to study the effects of defects on the ambipolar dif2/ong the decay curve. By integrating each gated signal over

fusion of the e—h plasma. 300 sample-and-hole cycles, the scan readout timeor

In addition to employing the EBIA imaging and spec- 88ChAa versus time curve was 150 s.

troscopy techniques as previously report&d*we have em-

ployed a new fume-reso_lved EBIA approac_h vv_h|ch USES & RESULTS AND DISCUSSION

boxcar integration technique, as illustrated in Fig. 2. In this _ o

approach, the wave form of the absorption modulation ig?- The excess carrier recombination time

reconstructed in order to determine the exponential decay of Room-temperature EBIA spectra for various electron
beam currentd, are shown in Fig. 3. The effective QW

absorption coefficientsae were calculated according to
(—Leg) *InT, whereT is the measured normalized trans-

SEM Vacuum System\

1 e . .
condenser__ L[ | SEM Imaging mission through the sample ahd is the total thickness of
Lens i ] & Control the QWs. The peak of the absorption spectrurt 005 nm
E: 1 . . . .
e foai is then=1 heavy-hole to electrothh1—e) excitonic transi-
€¢-axis . . . . .
Manipulator N || B Electron tion. During the continuous generation of e—h pairs by the
Sean Coils | ]| Beam high-energy(35 keV) electron beam, electrons and holes will
T— B8 lipsoida be attracted to the QWs and the center of the barriers, respec-
2 e tively, resulting in their spatial separation, as illustrated in
Coherent Optical Il [ ——— Fig. 1. Under sufficiently high excitation, the quenching of
Fiber Bundle the hhl—el excitonic absorption occurs and is a result of
'gj\j& ~Optical Fiber Ui He Stage band filling and screening of the Coulombic interaction of
j ——Monochromator the excitons by the electron plasma filling of the QW states.
Light L: 486-0C A reliable treatment of screening in semiconductors requires
Sowee - Contrlle] COM | pectroscopy, | ¢y | ] th f body theory. For simplicity, h th
ST G & I | tmaging, & | DAY e use of a many-body theory. For simplicity, however, the
Boxcar Int ADC | Time-resolved screening-induced change dnis often modeled by a simple
Lock-in Amp absorption saturation relationshipt®
) . . ) @o
FIG. 2. Schematic of the time-resolved electron-beam-induced absorption- o= ———F—+ ), (1)
modulation(EBIA) setup. 1+ on/ngy
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which is a heuristic fitting equation and not based on a theo-

retically derived model, wherén andng,, respectively, are 10° LA B B B
the two-dimensional excess carrier density and the saturation . I, (PA)
carrier density g, is a band-to-band absorption term, asyl vvvvvs 80
is the excitonic absorption coefficient in the absence of ex- ceeees 40
citation. The experimental excitonic absorptiaras an em-

pirical function of sh will be determined from the following ceceee 20
phenomenological model, and a deviation from the relation-
ship of Eq.(1) will be discussed.

In the EBIA study here, e—h pairs can be generated
nearly uniformly throughout the entire 3.7 um MQW re-
gion by a 35 keV electron beat.The steady-state two- 10" |k
dimensional excess carrier dens#ly is given by’ F £=0.20074 cm/kV

N P R BN B

Ao (arb. units)

To= 3.08 msec

_ P(1-v)l, dE 5 0 1 2 3 4 5
 eEA, dz’ @

where 7 is the lifetime, P is the nipi period,dE,/dz is the
electron beam “depth-dose” or energy dissipation function,FIG. 4. Absorptic_)n _modulati_oma as a function of time delay, (after a
l, is the beam currenty is the fractional beam loss due to S{€ady-state excitatigrat various probe current$, =20, 40, and 80 pA.
. The solid curves are the results of a simultaneous nonlinear least square fit
backscattered electrorior most casesy<1), e is the elec-  of Eq. (6) to the data.
tric charge E; is the valence electron ionization energy, and
A, is the effective lateral area of excitation. In E), A,
for the mesa is~8100 um?, and the only unknown i,  mined numerically by Eq(4), provided and 7, are deter-
which can be described according to the phenomenologicahined. In the limit of weak excitation, the differential exci-
expressioh418 tonic absorptionAa to a first order of approximation is
eBn proportional toédn, acqording to Eq(1). The experimenta_l
=1 exp{ - ' (3) data ofAa vsty (the time delay after a steady-state excita-
2€ tion) at variousl, are shown in Fig. 4. The solid curves are

wherer, and 8 are parameters which depend on the temperathe results of a nonlinear least-squares fit of these data at
ture and the MQWhipi structure, and is the dielectric per- 1b=20, 40, and 80 pA simultaneously to E@), yielding

mittivity of GaAs. Insertion of Eq(3) into Eq. (2) yields B=0.200 74 cm/kV and,=3.08 msec. Inserting the value of
B andr, into Eq.(4), therefore, allows for a determination of

S Eal ex;{ B e,Bén) (49  Onforvariousl,. The experimental results of vs on and a
e P 2¢ )’ fit to the model of Eq(1) are shown in Fig. 5. The fit gives

Nea=2.5X 10" cm ™2, consistent with previous estimates of
Neae-—>*° The quenching ofr is found to be more rapid than

0=[1oP(dEp/dz)(1—v)]/(2€AeE;) that described by Eq(l) when sn=1.5x10'" cm 2. The

observed large deviation between the's én curve and the

fit of Eq. (1) in Fig. 5 is attributed to an absence of a treat-

Note that from the empirical electron energy loss model of

Everhart and Hoff’ we estimate thad E,/dz~7.53 keVjum,

andE; is ~4.8 eV for GaAs. Since varies exponentially as

on
ty (msec)

where

~4278.8 kV/cm nA.

a function of én, the recombination rate, which is propor- 1.8 ' ' ' ' '
tional to the reciprocal of lifetime, is no longer a constant I
when én changes. The time-dependeft in the absence of 161
any carrier generation is given by ~ 14 I
9 o+ on =0 5 5 1
aiom 7o exXd —(eBon)/(2e)] ® s 12r 1
and integration, using a series expansion, yields :; 1.0 - .
“1[—(eBsn)(2€)] t I
+2 = =——+ 0.8} .
In(8n) n§=‘,l . = - A, _
o 1= (eBong)/(26)]" © T T s Ty s
- €
A=In(sng)+ 3, — = , o 1T 2 3 4 5 6
n=1 ! n (1011 Cm-z)
where dng is the initial steady statén in the presence df,
(i.e., before the electron beam is blankeghd can be deter- FIG. 5. Experimental and fitted vs éh curves afT =296 K.
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B. Anisotropy of the excess carrier diffusive

_18b w T T transport
‘Tg 15L (NM.”“"‘°- 1 In E'BIA imaging, we'obtain images of'the apgorpfion
<2 15 ., ] modulationA« as a function of thex—y spatial positior:
o oo b eeee Planar M_ The MQW absorption coefficient for light that is transmitted
= o000 Mesa ] at an energy corresponding to the first quantized heavy-hole
0.6 to electron(hh1—e) excitonic transition depends on the den-
T sity of excess carriers situated near the center of the optical
g fiber. Since the presence of defects may impede the transport
= of carriers to the fiber center, a simpley rastering of the e
© beam in the vicinity of the optical fiber will enable a map-
= ping of the position of defects that impede the carrier trans-
© : port. An EBIA grey-scale image, as shown in Figa)7 was
100 [ 883%evene,,, ] obtained by detecting the transmitted lightdat1005 nm,
’g A: """'*N..*‘ corresponding to the hh1—el exciton absorption at the tem-
2 107 (o o] perature of T=296 K. The electron beam,=1 nA, was
T 102} 3 pulsed at a fixed frequency df=500 Hz while rastered

E across the sample, and the signal was detected by a Si detec-
107 Tttt tor followed by a lock-in amplifier. An alternate view of this
I ] data is shown in Fig. (b), where the EBIA image is con-

w
‘*‘E 100 £ (d) E verted into a 3D plofi.e., Aa vs (x,y) with the optical fiber
L . ] center located at the origio show the behavior at smallx
DE : / 1 far from the fiber center. The intensity steps in the image are
| ] a result of(110-oriented defects which impede the transfer
10 : ! bl of excess electrons and holes to the fiber center. The position
102 107 10 10! and orientation of these steps are further correlated with the
l, (NA) position of dark line defects observed in cathodolumines-

cence(CL) imaging**~4

FIG. 6. Experimental results, using the phenomenological models of Egs. In a 2D diffusive transport model, the time-dependent

(1)—(6), for (a) a, the absorption coefficientb) on, the excess carrier den- . . . . . .
sity, (c) 7, the excess carrier lifetime, arid) Dy, , the theoretical ambipolar diffusion equation of excess carriers is given by

diffusion constant, as a function of . Solid and open circles represent the S t 96 t
data points for the planar and mesa regions, respectively. D V25n(r t)— n(r,t) +gg(r )= n(r,t) @
a ’ q 1 )
T at

where on(r t) is the spatially and temporally dependent ex-
cess carrier densityD, is the ambipolar diffusion coeffi-
ment of screening in the model of Eg) which, as we show, ~cient, andV?=/dx*+#/dy. The excess carrier generation
should only be used as a rough approximation. rate,gq(r,t), can be approximated as
Further, using Eq(3), the data of Fig. 5, and the values _ .
of B and 7, the relationships ofh and r as a function of , Go(r, )= S(r=ro)[1+sin2mfL)],
in the planar and mesa regions can be determined and awherer is the position of the electron beam afids the
shown in Fig. 6. The ambipolar diffusion length for this blanking frequency of the electron beam, and2#f. The
sample is~1 mm for I,=1 nA!3 The effect of the mesa excitation can be regarded assdunction source since the
walls is to confine the e—h plasma from diffusing beyond theelectron-beam excitation volume-um) is much less than
90 um mesa widths, thereby leading to a larger in the the diffusion length(~mm).*® Equation(7) can be solved by
mesa compared to the planar region for the sigmé\ theo-  using integration methods of Green’s functions and Fourier
retical calculation of the excess carrier lifetimg by Jons-  transforms, and the steady-state solution is given by
son et al!® yielded 7,~10'" s for an effectivenipi barrier a8n(r 1)
height of 1.257 eV for thisipi structure, which is~13 ——— = A(0)J¥Z+ 02 cog wt), 8
orders of magnitude greater thap determined here. The at

presence of structural defects which create additional recomynerer is now the radial distance from the point of excita-
bination channels, not necessarily limited by the spatial sepajon r,,, A(w) is proportional to the intensity of excitation,
ration, is evidently largely responsible for this reduction inand¥ and ) are the Fourier sine and cosine transforms of
lifetime.2°=12 Likewise, we have previously shown that, in the Green’s functiorG(r,t), which is a solution to Eq(7)
another partially relaxedipi-doped MQW structure under a \when the sourcegy(r t), is set todr—r ¢)d(t). These func-
weak excitation, a nearly 9 order of magnitude reduction of tions are given by

as compared to the theoretically calculated lifetime is attrib-

uted to the presence of defects which provide additional re- - wa(r t)coq wt)dt

combination channef¥. o
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(@)
(b) (110]

FIG. 7. EBIA image of thenipi-doped MQW sample at=1005 nm, corresponding to the el—hh1 exciton absorptidn=296 K. A grey-scale represen-
tation showing the orthogonal nature of the steps is showa)iand 3D plot of this same image is shown(ly).

and profile for r<75 um is due to the finite size of the optical
" fiber (100 um core diametgrwhich causes a deviation from
Q:f G(r,t)sin(wt)dt, (99  the simple point source generation and detection model de-
0 scribed by Eqgs(7)—(11). The best fit for each line profile
with the Green’s function for the 2D diffusion equation, '?’ivsls f’;‘” ambipolar diffusion coefficielt,, as indicated in
able |.
G(r,t)= 1 ex;{ _ r? )ex;{ _ E) (10) _ .The theore’gical ambipolar diffusion coeﬁici_emh in a
t 4Dt T nipi structure with a uniform homogeneous excitation, as de-

¥ and () can further be expressed in terms of the modified
Bessel functions of the second kirdg(x), and

V=i (2/m) Y Ko( 1) —Ko(£)]

and

QO =—(2/Im)YKo(n)+Ko(6)], (11

Whert'-31/27;=(r2/Da)1’2(1lr+iw)”z and ¢=(r?/D,)Yq1/r
—iw)™

In the limit of weak excitation, the excess carrier density
on is linearly proportional toAa according to Eq(1), and
the excess carrier lifetime, as determined in Sec. Il A, is
3.08 ms. The ambipolar diffusion coefficiebt, can there-
fore be determined by fitting E@8) to an arbitrary line scan
(intensity versus distance profile for a fixeg in the EBIA
image of Fig. 7 withr =0 at optical fiber center. The results
are shown in Fig. 8 for line scans and corresponding fits Fit
along the[110], [110], and[100] directions. As expectedya 02k cveee Expt.
decreases essentially in a fashion described by(&qgfor
r=75 um, with the exception of a steplike behavior, as in- 00
dicated by the arrows. The steps, as seen in Fig. 7, are due to o 100 200 300 400
the defect-induced potential barriers which impede the diffu-
sion of carriers and lead to a reduction in the effectug.
Since the model does not attempt to account for dISCretEIG. 8. Line scans of the absorption modulation vs distance from the optical

changes ir' dif_fUSiona the fitting procec_jure only |ead_s 0 @hiper along high-symmetrj110], [110], and[100]. The solid lines represent
average diffusion constant. The flattening of thevsr line  the best fit to the model of Eq8).

Aa (arb. units)

Distance {um)
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TABLE I. Ambipolar diffusion coefficienD,, along high-symmetry110],
[110], and[100] directions.

[110] [110] [100]

D, (cn?s) 28.9+10.2 10.7:5.3 3711

rived by Gulderet al. is dependent on the total excess car-

rier density as

1 onop ddnp

e’ optop dn

Dth: ' (12)
whereo,=neu, ando,=peu, are then- andp-layer con-
ductivities,n andp are the average 3D excess carrier densi
ties which are given byn. /P and én,/P, respectively, and
®np=Pn— @y Is the difference in quasi-Fermi levels. The 2D
excess hole densityh,,, is given byén,~ dn.+ SN, , since

most of the dopants are ionized at room temperature. An

excessp doping of &N,=3.0x10" cm 2 as compared to

will impact differently the extent to which the e—h plasma
transport is impeded and nonradiative recombination occurs,
aside from differences in the dislocation density. The asym-
metry in D, summarized in Table | is consistent with that
obtained in a 1D diffusion experimeht.That experiment
involved patterning the sample into 90n stripes along the
orthogonal(110 directions and determining the linear DLD
density along both the directions. As argued in Ref. 13, an
enhanced density of DLDs alond 10] leads to a corre-
sponding reduction irD, along[110], consistent with the
present results of our 2D diffusion experiment, as seen in
Table I. For diffusion along100], however, the carriers
must traverse both110] and[110] DLD regions. This ac-
counts for the noticeable reduction bf, along[100] since

the local DLD density alon§100], i.e., 190, Can be related

to p110 and ppyag) by

1
P[loq:E(P[noﬁP[lﬁ)])- (13

n-doping was inserted in order to locate the Fermi level suf-Thus, it is our observation that whesy;q=p[s10, an in-
ficiently far below the electron ground state in the QWS tocrease in average defect density al¢hg0] may be respon-
ensure that the QWs are essentially free from electrons undeible for the reduction oD, relative toD, along theppiag

thermal equilibrium. The lower limit for the ideal mobilities
M, and u, are estimated to be-3100 and~170 cnf/V s,
respectively, for equivalent 3D doping densities in G&As.
For the presens-dopednipi structure,d¢,,/dn is approxi-
mately a constaftand is given bydc, o/ In=(e P)?/4e. The
theoretical diffusion coefficienDy, versusl,, taking into
account the excess doping, is plotted in Fig. @). An in-
crease 0f~20% in Dy, asl, increases from 0.1 to 1 nA is

andpyyyg) directions. Also, as previously observEdhe scal-

ing of D, with the linear density of DLDs is not necessarily
linear since the thermal activation energy for diffusion is also
different along both directions. Large standard deviations of
D, are also obtained from the fitting, as listed in Table I.
This may be attributed to local variations in the DLD density
along the scan line, and acts to induce further deviation from
our simple 2D diffusion model.

observed. This indicates that the excitation dependence of

D, is small forl ;=<1 nA, i.e., in the limit of weak excitation.
As a result,D, is expected to approach a constantdas
vanishes, further justifying the constant value oy used in
the model of Eqs(7)—(11). We note that the actual limit of

Dy, asl, vanishes for this structure is uncertain as a result o

the large uncertainty idh, and the Fermi-level position rela-

IV. CONCLUSION

In conclusion, we have quantitatively examined the del-
eterious influence of structural defects on excess carrier life-
fime and diffusive transport with the use of a new time-
resolved EBIA technique. A factor ef10'3 in the reduction

tive to the el ground state under thermal equilibrium Whenof lifetime in the limit of weak excitation compared to theo-

there is no excitation.

retical estimates was found. The ambipolar diffusion con-

We have demonstrated previously that the orientatiorpants were measured using an optical 2D Haynes—Shockley-

and positions of step@s indicated by the arrows in Fig) 8

seen in the absorption modulation strongly correspond witl‘fJ

the orientation and positions of dark line defe¢BLDs)
seen in the CL imag¥:'? This has been attributed to the
presence of structural defects such as dislocations and po
defects that

type experiment, where solutions to the 2D time-dependent
iffusion equation were used to obtain the direction depen-
dence ofD,, in the limit of weak excitation. An anisotropy
was measured and attributed to differences in defect densities
ong the orthogonall10) directions. In addition to the an-
isotropy of D, along [110] and [110], D, along[110] is
found to be lowest and is attributed to a superposition and an

This work was supported by the U.S. Army Research

(i)  change the band gap due to a local reduction in straingrientational dependence of th&10] and[110] defects.
thereby creating a barrier to diffusive transport, and
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reduce én as the plasma traverses the DLD re-
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