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Optimum bound-to-continuum normal-incidence absorption in low-ddjess than & 10* cm™2?) p-type
GaAs/AlGaAs quantum wells obtains for well widths for which the second light-fidi?) level is resonant
with the top of the valence band quantum well near the center of the Brillouin zone. Experimentally we found
that such absorption saturates at higher doping levels. For higher doping arsuii®d?4m 2, our envelope-
function approximatiolEFA) model predicts that pushing LH2 deeper into the continuum avoids absorption
saturation and at least doubles the photoresponse. The results are explained on the basis of an EFA calculation,
which shows that saturation is due to the fact that the line of resonances in the continuum as a function of the
in-plane wave vector eventually becomes a bound LH2 band in the well at some critical wave vector. By
matching this critical wave vectdwria well width and/or well depth adjustmenwith the Fermi wave vector
(determined by doping in the welfor the desired QWIRi.e., cutoff wavelength saturation can be avoided.
This prediction is verified on a set of well-characterized samples. A re-entrant band behavior, in which a band
is bound over a limited portion of the Brillouin zone, is also demonstrated.
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I. INTRODUCTION In p-QWIPs, optimal absorption obtains when the second
light-hole (LH2) level is coincident with the top of the well,
Absorption is a property governing the performance ofa criterion that is also conducive to good subsequent trans-
opto-electronic devices such as radiation detectors. In thport of the photoexcited hofe® These rules were guided by
design ofp-type GaAs/AlGaAs quantum-well infrared pho- the envelope-function approximatiqiEFA) calculations of
todetectorgp-QWIPS, we have sought to optimize absorp- these structure$in the hope of raising absorption through
tion as a function of the design parameter$Unlike GaAs/  increased doping in the well, we discovered in one study that
AlGaAs n-QWIPs, p-QWIPs absorb normally incident quadrupling the doping merely doubled absorptiofihis
light®~*without gratings, which simplifies processing of the disappointing fact serves as the impetus for the present study
material into focal planes. Thus, pixel size is not constrainedn which we explain the sublinear dependence on doping and
by grating designp-QWIPs can reach both 8-12m and  propose and demonstrate a sample design that provides for a
3-5um bands and even shorter wavelengdthisi the case of  linear increase of absorption with doping. We show that the
the GaAs/AlGaAs system, mid-IR wavelengths can besublinear doping dependence is found in samples where the
reached with the use of nonstrained Q%&n added design LH2 state, while a resonance in the continuum at the center
flexibility is the possibility of combining long-wavelength of the Brillouin zone, is a bound state in the well beyond a
infrared (LWIR) n-QWIPs and mid-wavelength infrared certain in-plane wave vector. The propoge@WIP design
(MWIR) p-QWIPs on the same wafer for multispectral avoids absorption saturation by ensuring that the light-hole
detection'® Other attributes of GaAs/AIGaAs-QWIPS are  resonance is entirely in the continuum.
their very low noise and lower dark currenfpound-to- The rationale for the present investigation can be captured
continuum), especially when not in the thermally limited re- through the following simplified model of p-type QWIP
gime (no DX-defects in barriers, lower tunneling probability with decoupled, parabolic heayi#H) and light-hole(LH)
of heavy holes® Because of the heavy hole mass, the Fermbands. To avoid confusion with signs, the energy axis for
energy increases slower with doping RQWIPs than in  holes is up and the zero of energy is at the well bottom.
n-QWIPs, which makes possible greater dopingiQWIPs,  Consider a heavy hole with enerdy, propagating in the
so that absorption can be enhanced without as rapid increasarrier region. Its energy can be divided into motions in the

in dark current.”* growth direction(L) and in the plane of the QWI),
In a series of papers? we developed criteria for the
design of optimap-type (i.e., extrinsi¢ GaAs/AlGaAs quan- h%kd  h%k?
tum well infrared photoconductive detectors. Our best GaAs/ E= WHHHJr WJI—_IH"‘VO' Y

AlGaAs MWIR p-QWIP has the 4.8um peak responsivity of
10 mA/W and a gain ofj=0.05 at 30 V, the detectivity of whereV,, is the height of the barridfi.e., the GaAs/AlGaAs
Djea 3.5X 10" cm HZ'Y/W at 80 K, T p=100K at 10V,  valence band offsgtThe demarcation line between the free
and a quantum efficiency of 5% in single p4s8With the  and the bound hole regions is defined by the condition,
use of resonant cavitié$, the quantum efficiencies were

quintupled to 25%. k, =0, 2
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the band represent a line of bound sta@sa resonance in

the ContlnuumEEH2>_\/0 (in Wh'c_h case the band is a line of FIG. 1. Calculated absorptiofon absolute scajefor the 3-5
resonances The optimally designe-QWIP was shown  nicron GaAs/AIGaAs p-QWIP with the hole density of 1
earlier™* to haveEp,,~V,, for which the hole absorption x 102 cm 2 (k==0.014/Bohr) as a function of well width and
and subsequent hole transport are both optimized. Howeveghoton energy aff =0 K. The spectrum is shifted for exchange
for the GaAs/AlGaAs QW, light-holes are heavier than theenergy.
heavy holes in the in-plane directiof,
LHe _HH The main message of this paper is that one can avoid such

my =y (5 adeleterious condition by pushing the LH2 resonance deeper
into the continuuni.e., away from the top of the welde-
pending on the degree of dopifige., the Fermi wave vectpr
and, to a lesser degree, on the operating temperature of the
detector(iwhich broadens the Fermi—Dirac distributjoithe

As a result, even iEJ,,>V,, the LH2 line of resonances
must at somék, =« cross the top of the well and become a
bound band i.e.,

722 72,2 complete theory of this effect will be developed in this paper
—1r TEm=<—mg+Vo- (6) and the effect demonstrated on a set of specially designed
2m 2m samples.

In a coupled EFA model, such as thec8 EFA model to be In the rest of the paper, the energy axis for holes points

presented later, the positions of LH bound bands are infludownward. This paper is organized as follows: Section II
enced not only by the different effective masses of the heavprovides the theoretical motivation for the research and the
and light holes but also by the band mixing. design of samples for testing the theory. Section Il describes

Since optical transitions from the HH1 ground state arehe growth of the samples and their characterization. The
k;-conserving, it is important that the point of intersection device measurements and comparison to theory are discussed

be comparable with the Fermi wave vectiog, Fork,=«, N Sec. IV. Conclusions are presented last.
the LH2 band becomes bound in the well and does not con-

tribute to the bound-to-continuum absorption. In fact, the Il. THEORY
band pulls down most of the available oscillator strength )
with it as it enters the well as a bound state. Our previous work on MWIR>-QWIPs based on GaAs/

Another way of looking at this problem is to observe thatAlGaAs MQWs was motivated by the optimization stfidy
the continua for the light and heavy holesee Eq.(3)] are  Summarized in Fig. 1. Using our-88 EFA theory; a num-

different, ber of absorption curves were calculated for different width
p-QWIPs with the hole density of X102 cm™2. Here, the
oy Bk o hPkE choice of a 31 A MQW was found to be optimal for the 3-5
Efree:m+vo¢ Efree™ 5 mA T Vo, () micron p-QWIP, for which the LH2 level is coincident with

! the top of the well at the center of the Brillouin zone. Our
and, in fact, there is a region between the LH and HH con-optimization studies are often calculated at O K since some
tinua where HH holes can propagate freely while LH holesof our photoresponse measurements are made near the liquid
can only be evanesceht.?? The width of this region in- helium temperature and the calculated results are easier to
creases with the in-plane wave vector. A HH hole incident orinterpret there. However, our device measurements are car-
the well in this energy region can become bound in the welried out near the liquid nitrogen temperature; for that reason,
with an appreciable LH charact&t?° Consequently, this is T=80 K calculations will also be presented.
the region that is rich with resonant structures—bands of Guided by this design, a number of structures with differ-
energies with enhanced probabilities of finding a hole in theent doping concentrations were grown to increase the ab-
well region!®=22 Optical transitions to these bands of ener-sorption and to find the doping level for the highest BLIP
gies give rise to enhanced absorption. Whenever these resoperating temperature However, the experimental results
nant bands become bound states in the well, the bound-térdicated that quadrupling the carrier concentration from 1
continuum absorption suffers, resulting in absorptionx 102 cm™2 to 4x 10*? cm~? only doubles the absorptidn.
saturation described in this paper. This undesirable situation was explained by our calculation,
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FIG. 4. The band structure for a 31 A=0.533,p-QWIP (cor-
FIG. 2. The calculated =0 absorption for three samples ( responding to sample G2-2735 in the jemear the top of the va-
=0.537, 31.7 A, corresponding to the parameters of the growrence band, showing the LH2 bound band and lines of LH and HH
sampleg grown to test the concentration dependenceg-@WIP resonance.
response(Ref. 7). Here, quadrupling the dopin@doubling the
Fermi wave vectoronly doubles the absorption. The spectrum is explained with reference to the band plot for the 31 A
shifted for exchange energy. p-QWIP, Fig. 4, for energies close to the top of the valence
quantum well. First, as explained in the Introduction, the
Fig. 2, where the sample parameters are those of the actualtyntinuum for the light and heavy holes as a function of the
grown samples, for which the well width was slightly wider in-plane wave vector begin at energies for which
and the well depth slightly deeper than in the proposed de-
sign. These small differences in the grown sample pulled the (8
LH2 level slightly into the well making LH2 a bound state )
and thus unavailable for the bound-to-continuum absorptiort;€-: for nonevanescent states. Equati8h generalizes the
which resulted in a sublinear dependence of photorespon&@ndition of Eq.(2) for the coupled band case In which com-
on doping. Our model, Fig. 2, was able to reproduce thid?/€x propagation wave vectors are p_OSSFBré- These ener-
behavior. In later work, we were able to quintuple absorptior@i€S are shown as dashed lines in Fig. 4. The position of the
through the use of resonant cavitiésut the original goal of ~LH2 band and the continuum condition, Eg), were calcu-
increasing absorption with doping was not met. Iated_ with the 88 EFA model. (_Zlearly, the continuum for
On closer examination, the design that served as the ogbe lighter LH holes begins at higher hole energies than for
timized design does shows quadrupled absorption at least (pe heavy HH holes, which was explained earlier in the In-
to ke=0.014/Bohr p=1x102cm 2), Fig. 3. However, troduction on the basis of a simple uncoupled-band model.
above that concentration, absorption saturates again. Thus, Seécond, in the energy region between the dashed lines in
for ke=0.026/Bohr p=4x 1012 cm™2), there is no quadru- Fig. 4, heavy hples are free to propagate in the barrier re-
pling from ke=0.014/Bohr. As we showed earligsQWIP ~ 9iONS whereas light hol_es are evanescent. It is therefore pos-
detectivities and BLIP operating temperatures are optimizedP€ for a heavy hole incident on the weilzfrom the barrier
in this range of dopant concentratioh. region to becor_ne quasibound in the wWeli??In our calcu-
The saturation phenomenon seen in Fig. 3 can be pedgtion, the continuum states are constructed from even and
odd combinations of left- and right-incident hole states, i.e.,
the standard even- and odd-parity stationary statt¥/hen-

Im kL(kH ,E):O,

3000 [

2000 [

the scattering language, one can examine the hole
reflectivity/transmittivity for the given scattering channel
(heavy-, light-, or spin—orbit-holelikeln our stationary state

7000 T T

——k=0.007 ever a hole becomes quasibound in the well, there is an en-
—.'E‘ 6000 | -—k=0.010 hanced probability of finding the hole in the well region, i.e.,
S 5000 | —-—k=0014 there is a resonance. Therefore, the resonance condition can
S S A k =0.019 be traced by examining the wave function of the hole as a
8 4000 b N, NN e k =0.026 function of energy and parallel wave vectoklternately, in
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FIG. 3. The calculated =0 K absorption for a center-zone op-
timized MWIR p-QWIP (x=0.533w=231 A) as a function of dop-

ing (2.5< 10" to 4x 102 cm™?).

280

320

representation, reflectivities can be obtained from proper
sums or differences of the even and odd stationary states.
Photoexcitation of holes from lower subbands to these reso-
nant states naturally leads to higher absorption probability.
Third, it must be said that the resonance condition is not
easy to identify in the calculation. The resonances are most
distinct—large and sharfon the order of an mepM—away
from the center of the Brillouin zone, where in effect the well
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for light holes is deepeii.e., the spread between the HH and bl e
LH continua is widey. These resonant peaks sit atop a back- i
ground of nonresonant stat&s:°>~?2Closer to the zone cen-
ter, these regions of enhanced probability of finding a hole in
the well region broaden considerably and are subsumed
within the nonresonant background. In the present paper, we
follow the maxima of the hole probability density in the well
as close to the center of the Brillouin zone as possible; how-
ever, at times, these maxima become indistinct. 480 [
Fourth, a word of caution is in order regarding the relation N
of resonances to bound states in the present coupled-band 500
formalism. Bound states descend from the continuum into 0
the well as the well is made wider or deeper. In a simple
one-band model, the density of states in the continuum is
normally zero at the top of the well unless a bound state i?he
about to descend out of the continuum into the \f2lh the
present &8 EFA calculation, bound states detach them-
selves from the continuum of nonresonant states in a similawell necessarily weakens the resonance condition near the
manner. Still, it is very difficult to follow the emergence of a center of the Brillouin zone. For example, Fig. 5 shows the
band out of the continuum at the center of the Brillouin zoneband diagram for a 29 A-QWIP, for which the LH2 band
e.g., LH2 band, until it appears as a bound band. is no longer bound and a LH-like resonance appears in the
Lastly, it is well-established that in some cases the88 region between the LH and HH continua over the entire re-
EFA model can produce spurious barfighese bands are ciprocal space examined. The trade off is best examined by
the result of the fact that the>88 model must return four doing an actual calculation to find the optimum sample de-
doubly degenerate propagation vectdrs, whereas only sign for the given doping level. Here, the doping level cor-
three are physically meaningful for hol&s?®2’ The wave responding tdke=0.026/Bohr p=4x 10" cm ?) is of in-
function in the EFA model is a superposition of exponentialsterest. Figure 6 shows the calculated absorption for the
of the form expik, 2), thus the possibility of spurious solu- doping level of p=4x10' cm 2, with other parameters
tions with unphysical exponent8?’In GaAs/AIGaAs QWs, kept constant. Here, the 29 A design, for which the LH2
the extra propagation vectors are large and pure imaginarngvel is slightly above the well top, is found to be optimum,
and decay very fast away from the well interfaces, causin@lthough the peak absorption is slightly redshifted. For a
no problem to the physicsAs an extra precaution, the cal- 100-well MQW, Fig. 6 predicts a 30% single pass quantum
culation was repeated using a<® model with no explicit efficiency. At the same time, the 31 A, design, which was
coupling to the conduction band, thereby eliminating the ex-optimum atp=1x 10'? cm™2, is found to be inferior. While
tra propagation vectors in the problem. Th& 6 EFA cal- the 29 A design is better gi=4x 102 cm 2, Fig. 6, and
culation confirmed the existence of the resonances, albeit atorse atp=1x 102 cm?, Fig. 1, than the 31 A design, at
energies shifted from those found in th&x8 EFA model.  p=2x10%cm 2, the two are equivalent. Moreover, ab-
Figure 4 shows a line of LH-like resonances merging intosorption for the 29 A sample does not saturate bepow
a bound LH2 band as a function of the in-plane wave vectorx 10'2 cm2. The doping ofp=2x10"cm 2 was found
The crossover point for the 31 A-QWIP takes place at earlier to optimize the detectivity and the BLIP temperature
0.013/Bohr, which is on the order of the Fermi wave vectorof MWIR p-QWIPs.® For practical concerns, absorption in
for the doping ofp=1x10'2 cm™2 (kg =0.014/Bohr). Once Fig. 6 is seen to be less sensitive to width variations on the
the LH2 band becomes bound, it becomes unavailable as thearrower side of the optimum design.
final state in the bound-to-continuum absorption. Because of

350 | . N
29 A p-QWIP
x=0.533

400 - <100> direction

Energy (meV)

0.01 0.02 0.03 0.04 0.05
k"(1/Bohr)

FIG. 5. The band structure for a 29 A=0.533,p-QWIP near
top of the valence band, showing the lines of LH and HH
resonances; LH2 is no longer a bound state.

the f-sum rule, the LH2 band pulls down a considerable 12000 2A > GaAs/AIGaAs QWIP
amount of oscillator strengttabout half, according to our ~ ~ 40000} 27A x=0.533 k,=0.026/Borh
calculation with it, further weakening the bound-to- 'g 254 p=4x10” cm*
continuum absorption. Beyond the crossover point, wave ;’ 8000 [
vector-conserving optical transitions from lower subbands §
proceed to states in the continuum that have lower oscillator © 800
strengths. As a result, absorption in Fig. 3 saturates as a § i
h . . . . 4000
function of doping(i.e., the Fermi wave vectprAppendix A pr
contains a few more cases of resonances in GaAs/AlGaAs = ,0l
p-QWIPS, including an interesting reentrant band phenom-
enon. 0 ‘ ‘ )
Figure 4 suggests that absorption saturation can be cir- b 2 Enzez:gy (me\i‘)m ° °

cumvented by pushing the LH2 band into the continuum
over larger regions of the Brillouin zone, which can be ac- FIG. 6. Absorption ofp-QWIPs withx=0.533 as a function of
complished by narrowing the well. However, narrowing thewell width for p=4x 102 cm™? (k= 0.026/Bohr) afT=0K.
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FIG. 7. The calculated temperature dependence of absorption FIG- 9. The calculated optical absorption of the 29 A (
for the 29 A GaAs/AlGaAsx=0.533,p-QWIP. =0.533) QWIP for different polarizations defined with respect to

the 45° facet.

Another important issue is the temperature stability of a :
device. Figure 7 shows the calculated absorption for the Figures 8 and 9 demonstrate that, whenever optical tran-

29-A designs. The 29 A MQW suffers only a 20% decreaseitions originate from extended regions of the Brillouin zone
in absorption fran 0 K to LN,, while the 31 A design with away from the zone center, the polarization selection thiles
p=1x 10" cm 2 suffers a 420% declin® making the new are weakened because of the greater hybridization of the

design all the more desirable. The reason for the large ten{1€8Vy and light hole bands away from the zone center, which

perature variability is again connected with the band diaMakes the S and P spectra comparable. For the “zone center-
ptimized” samples, the S spectrum dominates the

gram, Fig. 4: a temperature increase promotes holes to high
-spectrum.

energies (thus larger in-plane momentaalong the HH1 . h f hanci h f
ground state subband; photon excitations from these states '9Ure 6 suggests a scheme for enhancing the perfor-

proceed to states in the continuum that are nonresonant fance Ofp-QWIPs and at the same time verifying the pre-

nature since the LH2 band is bound at larger wave vectorsdiCtions of the theory. Based on Fig. 6, growing samples with

_ _ 2 —2 H
Since the device measurements in Sec. IV include data ot/ @nd 31 A wells X=0.533p=4x 10" cm?), on either

the polarization dependence of photoresponse, the polariz§ide ©Of the best design at 29 A, should dramatically demon-
tion dependence of the calculated absorption is discussed'ate the tradeoff between the strictly resonant design
next. The polarization dependence of absorption for the 3ground 31 A and the slightly off-resonant 29 A MQW.
and 29 Ap-QWIPs withp=4x 10" cm~2 at 80 K is shown Sample growth and device measurements are discussed next.
in Figs. 8 and 9, respectively. Clearly, the S/P ratio changes

depending on the resonance condition, i.e., whether LH2 is |l SAMPLE GROWTH AND CHARACTERIZATION

bound in the well or is a continuum resonance. The S/P ratio

changes from about 5/3 for the 31 A QWIP to about 10/9 for A. Sample growth

the 29 A QWIP. Continuing the trend, for a 27 ;AQWIP, Two new samples designated as G2-2736A QW) and

the S/P ratio is 5/6, i.e., less than one. A previously unoptiG2-2736 (27 A QW) were grown by MBE to theoretical
mized sample, G2-2492, had the S/P ratio of 5/3, both aspecifications with the hope of eliminating absorption satu-
calculated and verified by experiméntyhich is consistent ration and at least doubling absorption. The growth detail is

with Fig. 8. the same as befofe® The layer sequence is listed in Table I.
The MQW consists of 100 repeats of the layers specified in
7000 - ‘ ‘ , 1 bold letters. Beryllium doping is expected to diffuse through-

50001 S-Polarization 3 out the well, which is why doping is stoppge? A from the

trailing edge of each QW. Froim situ monitoring of growth
5000¢ 31ApawiP - parameters, we expect at woes1 A difference in the well
4000t x=0.533, p=4x10" cm™ | width and a 0.01 difference in the barrier Al fraction from the

T=80 K design values. The beryllium concentrations dialed in during

molecular beam epitax¢yMBE) growth are based on stan-
dard calibration curves.
- ; During the growth run for sample G2-2735, the well
------- thickness decreased by 0.8%, the barrier thickness increased
by 0.3%, and the aluminum mole fraction went from 0.522 to
0.527. During the growth of sample G2-2736, the well thick-
ness increased by 1.2%, the barrier thickness did not change,
FIG. 8. The calculated optical absorption for the 31 A ( and the aluminum mole fraction decreased from 0.525 to
=0.533) QWIP(corresponding to sample G2-2735 in the text. for 0.519. All changes are estimated from the third decimal place
different polarizations defined with respect to the 45° facet. in the growth rate measurements.

30001

Absorption (cm™)

20001

10001

0 . . . ‘
200 220 240 260 280 300
Energy (meV)
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TABLE I. The layer sequence for samples G2-2735 and G2-2736. The layers in bold letters are repeated
100 times to form the MQW. The doping in inserted as a sheet, 7 A away from the nearest QW wall, with the
empirical expectation that beryllium will diffuse throughout the well.

G2-2735 G2-2736
Thickness(A) X Thickness(A) X
S| GaAs substrate 0 0
GaAs:Be (8< 10 cm 3) 6000 0 6000 0
GaAs 20 0 20 0
AlGaAs 200 0.52 200 0.52
GaAs 7 0 7 0
Delta doping 4x102 cm—2 4X102cm—2
GaAs 24 0 20 0
AlGaAs 200 0.52 200 0.52
GaAs:Be (8<10'8 cm3) 2000 0 2000 0

Based on thein situ monitoring before and after the
growths, there is at worsa 1 A difference from the design
for the well width and 0.01 difference in barrier Al fraction.

peaks attests to the high quality of the grown structures. Nu-
merical simulations of the x-ray data for the two samples are
given in Table II.

These two factors may be self-compensating considering These x-ray data fitting simulations confirm that the target
their effect on the bound-to-bound vs bound-to-continuumalioy concentration of 0.52 was achieved and the barrier

absorption, i.e., in the worst case, we have

for G2-2735: 31 A-30 A x=0.52-0.53,

for G2-2736: 27 A-28 A x=0.52-0.51,

so that well narrowing is compensated by well deepening,

widths were within 2% of the target design. However, the
well width estimates were 35.5 A and 35 A for samples
G2-2735 and 2736, respectively, which indicates no differ-
ence in the two growths. More sensitive techniq(sese Sec.
Il C) clearly show that, in fact, the twp-QWIPs are differ-
ent. We take this as an indication of the difficulty of fitting

which has opposite effects on the positions of the energ (-ray data on these particulpr QWIPs since the determina-

levels in the well.
Because of the sensitivity of the model predictions to th

e

ions of well widths and aluminum mole fractions are inter-
dependent.

actual sample parameters, it is important to ascertain the
physical parameters of the samples. In the next subsections,

we summarize the results of x-ray diffraction, photolumines-

cence, TEM, and SIMS measurements.

B. X-ray diffraction

C. Photoluminescence investigation

Two p-QWIP samples, G2-2735 and G2-2736, were pre-
pared for low temperature photoluminesceribé) experi-
ments by cutting them to size 3/8 m3/8 in. The top contact
layer (~6000 A, Be-doped GaAswas etched off, leaving a

The theta-omega plots from x-ray measurements foknin |ayer of GaAs:Be on top of the MQW detector structure.

Sample G2-2736 is provided in Fig. {he plot for G2-2735

Both samples were mounted, strain free, in a continuous flow

is similar). The large number of narrow superlattice satellite"quid helium cryostat. The samples were in a flowing helium

Intensity (CPS)

T T T
34.0 34.5 35.0

Omega-2Theta (Degrees)

335 355

FIG. 10. X-ray data for sample G2-2736.

TABLE II. Simulation of x-ray data for samples G2-2735 and
G2-2736. Layers in boldface letters are repeated 100 times.

G2-2736 G2-2735

Thickness(A) X Thickness(A) X
GaAs substrate infinite 0 infinite 0
GaAs 6000 0 6000 0
AlGaAs 200 0.52 200 0.52
QW GaAs 26.750 0 26.50 0
GaAs 8.75 0 8.5 0
AlGaAs 214 0.52 213.5 0.52
GaAs 20 0 20 0
GaAs 2000 0 2000 0
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4000 - - The weaker peak at 1718 meV, with the FWHM of 9 meV,
_23357'5'57@%3223.%537/&) 1699 on the high-energy shoulder of C1-HH1 is similar to the

) 5145A, 5SmW(Focus) feature described by Monema®s3' group in heavily
S 3000 -T=4.5K p-doped MQWs. This feature, however, is not related to the
g C1-LH1 transition, since LH1 in our narrower samples is
> GaAs:Be 718 quite far separated from the Fermi edgee Table lll. The
'@ 2000 - Top Cap(Etched) samples investigated by Monemar were much wider, with the
E M ars 1 LH1 level intersecting the Fermi edge. Their interpretation,
-l
o

therefore, does not fit our case.
1000

2. Sample G2-2736

o The PL signal from thea-QWIP sample G2-2736 is also
1400 ST 18 shown in Fig. 11. The spectrum in the region 1450—1510
Energy (meV) meV is from the Be-doped GaAs top contact layer as before.
The strong, MQW signal is in the 1600-1775 meV region.
FIG. 11. Low temperaturé4 K) PL-spectra fop-QWIPs G2-  The broad peak centered at 1708 meV with the FWHM at 46
2735 and G2-2736. meV is again attributed to the free-to-beryllium acceptor
bound transition. The dominant peak at 1729 meV with the
vapor and were maintained at 4.5 K. A CW, argon-ion laseFWHM of 25 meV is assigned to the C1-HH1 transition. As
at 5145 A was used as the above band gap excitation sourde. G2-2735, the weaker peak at 1753 meV on the high-
The average power from the laser was 5 mW and the beamnergy shoulder of C1-HH1 is similar to the feature de-
was slightly defocusedbeam diameter-1.5 mm) on the  scribed by Monemar’s grodp>!but is clearly unrelated to
sample. The PL signal in the near IR region was detectethe C1-LH1 exciton.
with a Si-avalanche detector and analyzed using a Bomem
DA-3 Fourier transform spectrometer. The resolution of the 3. Modeling the PL data
instrument was set to 1 cm and 64 scans were co-added to

obtain the PL-spectra. The spectra for both samples are dis- N order to model the PL peak positions, the energy levels
cussed individually below. of both electrons in the conduction band and holes in the

valence band of th@-QWIPs were calculated using our 8
1. Sample G2-2735 X 8 EFA modef Then, we included a sc_reened e>_<change
' energy for the hole gas based on the nominal beryllium dop-

The PL signal from thep-QWIP sample G2-2735 is ing density in the well and the bound exciton binding energy
shown in Fig. 11. The spectrum in the region 1450—1510f 7 meV?® The results are summarized in Table Ill. The
meV is from the Be-doped GaAs top contact layer. Theagreement between experiment and theory in Table IlI indi-
strong MQW-related signal is in the 1600—1775 meV regioncates that the nominal sample parameters are close to the
A Gaussian fit analysis was carried out to locate the indi-design parameters, giving us added confidence in the param-
vidual peak positions and their full width at half maximum eters of the grown samples. Since the 7-meV exciton binding
(FWHM). The 36 meV-broad peak centered at 1678 meVenergy is an upper bound appropriate to the unscreened ex-
corresponds to the free-to-beryllium acceptor bound transieiton, using a smaller number would improve the theoretical-
tion. The dominant peak at 1699 meV with the FWHM of 21 experimental agreement in the table. The agreement between
meV is assigned to the C1-HH1 transition. Its position isthe PL peak positions and the model results is the strongest
within 5 meV of a model & 8 EFA calculation for the C1- confirmation of the nominal growth parameters in Table I.
HH1 transition corrected for a 2D screened exch&hdee In addition, from the calculated values of the LH1 posi-
to the largep-doping in the wells, Table 111 tions, we conclude that the sharp peak on the high-energy

TABLE Ill. Calculated energy levels and PL peak positions for samples G2-2735 and G2-2736.

Sample G2-2735 Sample G2-2736
Ave. Al content in growth 0.525 0.522
Average well width 31 27
HH1 —51.91 meV —62.02 meV
LH1 —108.33 meV —122.69 meV
C1 1671.71 meV 1602.07 meV
Screened 2D exchange 17.94 meV 21.46 meV
Theor. PL peak 1697.7 meV 1724.63 meV
Expt. PL peak 1699 meV 1729 meV
Chem. Pot. 0 K80 K) —83.30(—81.05 meV —88.40(—86.22 meV
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SIMS Be Profile and Integrated Sheet Density
G2-2735
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FIG. 14. Beryllium SIMS profile of sample G2-2735 and inte-
FIG. 12. TEM image of sample G2-2736; 10 periods. grated profile. The profile for G2-2736 is similar.

side of the main PL peak cannot be ascribed to the C1-LHtially for sample G2-2736. The quality of the interfaces is
free exciton, as the LH1 level is separated by some 60 me¥ufficient to test the predictions of the theory.

from the HH1 level as compared to the 10 meV separation of
the PL peaks. E. SIMS measurements

D. TEM results SIMS measurements for the Be doping densities are
) . shown in Fig. 14 for sample G2-2738ata for G2-2736 are
Two TEM images of sample G2-2736 are shown in Figs.gimjla). The numerical values for Be concentrations are

12 and 13. The first image is a low-resolutitark-field  pased on a previous round-robin calibration study, while the
image showing the GaAglark and AlGaAs(bright) layers  gepth axis is based on thepgori knowledge of the expected
(the image shows 10 periodsThe AlGaAs layer-thickness 230 A periodicity of the MQW.
measured from this and other images is around 20.2 nm Clearly, SIMS cannot resolve the sharp doping profiles
+0.6 nm. _ _ S _ _inside the 3 nm QWs, but shows the 20 nm repeat period of
The second image, Fig. 13, is a high-resolution TEM im-the MQW quite well. The profile quality for sample G2-2735
age showing a GaAs QW. The average layer thickness fronhdicates a rougher starting surface, thus a lower quality
several such images was around 2.87rB nm. Some re-  growth for that sample. This appears to be confirmed by the
gions show a 1-1.5 monolayer fluctuation in the layer thick-rougher interface quality in the TEM profiles for this sample
ness in the doped region. (Fig. 14). However, our PL results appear insensitive to this
However, the TEM profiles for sample G2-2735 werejnterface quality. Integrating the depth profiles, the upper
much rougher than for sample G2-2736. To within onepound(because of the shape of the SIMS crater Be con-
monolayer, the thickness of quantum wells for this sampléentrations was established to be around1D? cm 2. As
was about 12 monolayers, which is 22.85=34.2A  importantly, the sheet concentrations derived from the SIMS
+3.0A. This is outside the design specification of 31 A, measurement on G2-2735 and 2736 were within 10% of each
which is still within the error bar of the TEM measurements. gther.
The barrier widths were measured to be 208 BA. Overall, the experimental results indicate that the two
Overall, the TEM results for this Sample indicate that thesamp|es were grown very close to the theoretical Specifica_
growth parameters are close to the design parameters, espRins, although there is some disagreement between the PL
and TEM results.

IV. DEVICE MEASUREMENTS

Device measurements were performed on samples in the
shape of mesas with a top ring and a bottom corftattVe
used polished facets to allow back-side illumination geom-
etry with an internal angle of incidence of 45° and thus were
able to measure the photocurrent as a function of incident
light polarization. The photocurrent spectra were taken on a
Fourier transform interferometer with a KBr beamsplitter
and a globar source. The responsivity calibration was done

—_— with a 1000-K blackbody source and a variable narrow band-

) pass filter. The spectral response measurements for samples
FIG. 13. TEM image of one period of sample G2-2736. G2-2735 and G2-2736 as a function of wave number at 77 K
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BLIP for G2-2736
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FIG. 17. Backgroundsolid curve$ and dark(dashed curves

current vs voltage as a function of temperature at the peak spectral
FIG. 15. Spectral photoresponse of samples G2-2735 and GZesponse for sample G2-2736.

2736 measured at 77 K at the bias voltage of 20 V. Both S-polarized
(solid curve and P-polarized(dashed curye and unpolarized

both samples in Fig. 20 indicates that both MQWSs have sym-

are due to CQ absorption in the optical path. The spectra WeremeFricaI interfaces, furthef attesting to the good quality of
their growth. Altogether, Figs. 15 and 16 support the model

collected by taking ratios into a reference spectrum.

are shown in Fig. 15. The spectrum for the 27 A QWIP is
narrower and about three times greater than that for the 31 ‘ﬁo

sample.

The calculated absorption in Fig. 6 predicts at most
doubling of the spectral photoresponse. The additional im
provement over the expected doubling for the 27 A QWI
might be due to the better quality of sample G2-27B36.,
the better quality of its interfaces observed in TEM micro-
graphs and SIMS resujtaind thus its better transport prop-

prediction that the new slightly off-resonant design is supe-

. rior to the

strictly resonant design.

Another piece of information is provided by the polariza-
n dependence of photoresponse. The calculated polariza-

tion dependence for samples G2-2736 and G2-2735 was

&hown in Figs. 8 and 9. By comparison, our earlier polariza-
fion study of a lesser-doped sample—sample NRC-2 with 31
PA, x=0.533, p=1x 102 cm 2, which was optimized at
zone center—gave the S/P ratio of 5/3 both experimentally
and theoretically. For the slightly off-resonant sample G2-
2736 (27 A QWIP), the theoretical S/P ratio is nearly 5/6,

erties. Also, since the resonance in G2-2736 is higher abovig . to within experimental accuracy is nearly 1. For G2-

the barrier, the carrier sweepout in this sample is improved2735(31 A QWIP)

the calculated S/P ratio is 5/3. Therefore,

hole capture and recapture are inhibited, which also leads e S/P ratio is a sensitive test of the position of the LH2

better gain, thus better photoresponse. resonarce.

The tripling of the peak photorespons_e at77 K in goi_ng The polarization dependence of the measured photore-
from G2'273,5 to G2-2736, Fig. 15’ continues as a funCtIonSponse for samples G2-2735 and G2-2736, Fig. 15, is less
of voltage, Fig. 16. The symmetrict-V characteristics for  oronqunced than indicated by theory. This absence of strong

polarization dependence in the measured spectra, especially

0.035 || —— 622735 Lw=31A x=0.52-63 1=2065 cm" | ' b
) --m-- G2-2736 Lw=27A x=0.53-53 1=2000 cm” | —
= [| —<— G2-2492 Lw=31A x=0.55 A=2000cm” ! 1 —&— (G2-2735 80K
3 0.030 |- 5 / b —e— G2-2735 110K
< F \ L H —&— G2-2736 80K
> 0025 « 77 KResponsivity - . —¥— G2-2736 110K
.; L E 1011 | N - -“A‘ i 4
‘W  0.020 | | g A/‘_A/A o B et A.A_AA\
g i = /A/ l'...— A\
a oo015) _ E A A
[} ; A/ -~ LN
3 I £ " "
0.010 |- ] T 10" J - o .\:‘V‘w " J
i ] L .
2 /- V/ .. .‘. \' ..
0.005 | 4 ] ,- v e o, ¥
o = v DN
[ . v,e % v
0.000 —. — : - ol o %
-30 -20 -10 0 10 20 30 10 . ‘.' ! , . '? 3
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FIG. 16. Responsivity vs voltage at the peak spectral response at
77 K for G2-2735, G2-2736, and an earlier measured sample G2- FIG. 18. The detectivity of samples G2-2735 and G2-2736 vs
2492 (sample C of Ref. ¥ voltage at 80 and 110 K.

085305-9



F. SZMULOWICZ et al. PHYSICAL REVIEW B 68, 085305 (2003

for sample G2-2735, cannot be reconciled with the earliecorresponding to the new design had a three times stronger
measured S/P ratio of 5/3 for sample NRC-2. We suspect thathotoresponse than the sample corresponding to the strictly
light depolarization from scattering by mesa edges couldesonant design. Unlike the calculated results, the measured
have been the cause of the polarization insensitivity of thespectra were found not to be polarization sensitive, which we
measured photoresponse. For sample G2-2735, we also iascribe to depolarizing scattering of light from mesa edges.
voke its greater interface roughne&ss supported by the The calculation indicates that transitions near the center of
poorer quality of its TEM and SIMS micrograph® explain  the Brillouin zone are most polarization sensitive. The oper-
the greater disagreement between experiment and theory fating temperature for the slightly off-resonant design was
this sample. Therefore, this part of the study is incomplete.found to be between 90 and 100 K, and the 80 K detectivity
The operating temperature for G2-2736 was determinedvas about D.,=1x 10'* cm HZ/YW, somewhat worse
on the basis of thé—V characteristics, Fig. 17, in the dark than for our previous best MWIR design witp=2
(dashed curvesand in the presence of background radiationx 102 cm™2.
(continuous curvesas a function of temperature. At 100 K, In other observations, QW bands need not emanate from
the two curves are indistinguishable, indicating that the therthe center of the Brillouin zone. In fact, cases were shown
mally generated current is equal to the background photowere bound bands start and stop away from the zone center.
generated current. Therefore, the operating temperature @ addition, in our samples, the sharp peak on the high-
the detector is below 100 K but above 90 K. Earlier, weenergy side of the main C1-HH1 peak in PL cannot be as-
studied a MWIR p-QWIP with the doping of 2 cribed to the C1-LH1 free exciton transition. This observa-
X 10" cm~2, for which the operating temperature was de-tion is relevant to further studies of Fermi-edge singularities
termined to be 100 K at 10 ¥# So, the new design suffers a in p-doped quantum wells.
small decrease in the operating temperature, but this was to

be expected since its greater doping necessarily raised its ACKNOWLEDGMENTS
Fermi level, with the concomitant increase in the thermally ) o
generated current. The work of F.S. and his University of Dayton Research

Lastly, we show Fig. 18, which compares the detectivitiesinstitute co-workers was supported by the Air Force Contract
of samples G2-2735 and G2-2736. The peak detectivities dNO. F33615-00-C-5422 at the Materials Laboratory. We
both samples are aboDt,,=1x 10" cmHZ2W at 80 K; ~ would like to thank P. Chow-Chong, M. Byloos, and M.
at 110 K, the detectivities drop down one order of magni_Buchanan for dgwce microfabrication. The work at the NRC
tude. Our best MWIR>-QWIP with p=2x10*2cm 2 had ~ Was supported in part by DND.

Djeai= 3.5X 10" cm HZ"YW at 80 K/® which, because of

its lesser doping, is greater than for G2-2736. APPENDIX
This appendix makes a number of observations about the
V. CONCLUSIONS interplay of bound bands and resonances. Figure 4 shows a

] ] ] resonance in the continuum continuing as a LH2 bound band
This study was motivated by the observation that MWIR{,; 3 31 A GaAs well surrounded by AlGaAs barriers with
P-QWIPs can suffer absorption saturation with doping.ajyminum concentration of=0.533. It is common for quan-
Based on an &8EFA calculation, a new optimization t,m well calculations to follow bands from the origin of the
scheme was proposed for GaAs/AIGapQWIPs, one that  Byillouin zone. Tracing the evolution of the band structure,
does not suffer from absorption saturation. Our calculatlor]:ig_ 5 shows how for the narrower well width of 29 A, the
shows that there is a certain critical well width below which pond LH2 band is pushed out from the well and a resonance

the LH2 band is a bound state in the well over the entireappears in the continuum. Conversely, going from the 29 A
Brillouin zone. For slightly narrower widths, the LH2 is a

resonance near the center of the Brillouin zone and a bound -280 [1.ll
band beyond a certain critical wave vector. This situation T ﬁ
holds for the QWIPs that suffer from absorption saturation 300 | el
with doping(e.g., sample NRC-2 and G2-273%Vhen dop- S . HH
ing is such that the Fermi wave vector is larger than this 2 o) *<gontinuum
critical wave vector, absorption saturation ensues, since the < LH : .
final states in the continuum are nonresonant. For yet nar- 2@ i continuum
. . . o -340
rower wells, the light-hole derived states are resonances in 5
the continuum over the relevant regions of the BnI]oum zone 360 27 A GaAs/AIGaAs
(i.e., at least up to the Fermi wave vegtoBy making the p-QWIP
light-hole-related states slightly off-resonant in the con- <100> Direction \
tinuum, at least a twofold increase in absorption can be re- -380 001 002 003 004 005
alized. It is predicted that single pass absorption of 30% can k (1/Bohr)
be realized for a 100-well MQW at 80 K with the slightly !
off-resonant design. FIG. 19. The band structure for a 27 &=0.533, p-QWIP

We tested this model prediction by growing two samples(corresponding to sample G2-2736ear the top of the valence
by MBE and thoroughly characterizing them. The sampleband. The LH2 band has been pushed out into the continuum.
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-420[
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° 001 002 003 004 005 006 007
k (1/Bohr) FIG. 21. The band structure for a 39 %=0.533,p-QWIP near
" the top of the valence band. LH2 is totally bound while the HH3

FIG. 20. The band structure for a 31.5 A=0.533, p-QWIP band is bound over a limited portion of the Brillouin zone, not

near the top of the valence band. The LH2 band is bound over thificluding the origin.
entire Brillouin zone.

Brillouin zone, and the continuum resonances have also de-

to 31 A well, one can view the descent of LH2 into the well Scénded in energy. _ o

from the continuum as the consequence of a lower HH2 band Lastly, in Fig. 21, a more complicated situation is shown
(not shown in Fig. # moving deeper into the well. Since for a 39 A well, where a number of bound bands and reso-
away from the zone center, HH and LH bands are of a mixediances are seen. In particular, the HH3 band is bound over a
character, they necessarily repel. Once the HH band movdnited portion of the Brillouin zone, not including the ori-
deeper, the LH band can move deeper as well. In Fig. 19, fogin! This phenomenon of reentrant bands is interesting in its
a 27 A well (corresponding to sample G2-2736 in the jext own right, and this phenomenon has not been reported here-
the resonances are pushed higher into the continuum as thefore. This richness of the QW band structure in the bound
HH2 band nears the top of the well. For a well slightly wider and continuum regions is owed to the coupled band behavior
than 31 A, Fig. 20, the LH2 band is bound over the entireof GaAs/AlGaAs valence bands.
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