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Abstract—The partial intermixing of the well and barrier  in 1800 by astronomer Herschel [1]. IR sensors have been
materials offers unique opportunities to shift locally the bandgap extensively developed since the 1940’s. The first practical IR
of quantum-well (QW) structures. We have demonstrated red- - getactor was PbS [2]. This polycrystalline thin-film photocon-

shifting and broadening of the wavelength responses of bound- . e
to-continuum GaAs and InP based quantum-well infrared pho- ductor operates via a band-to-band transition in the /13-

todetectors (QWIP’s) after growth via impurity-free vacancy range [3]. Lead salt detectors, such as PbS and PbSe, are
disordering (IFVD). A comprehensive set of experiments is con- chemically deposited, and operate at any temperature between
ducted on QWIP’s fabricated from both as-grown and multiple- 300 K and 77 K [2]. These detectors have found use in

quantum-well (MQW) structures. Compared to the as-grown uajica| instruments, exhaust gas analyzers, fire control, and

detector, the peak spectral responses of the disordered detectors t 41 Intrinsi . ductor detect h
were shifted to longer wavelengths. The peak absolute response ofPOWEr meters [4]. Intrinsic semiconductor detectors such as

the disordered GaAs based QWIP is lower by almost a factor of G€:Hg or Siz are minority carrier devices, which rely on

four. However, the responsivity characteristics of the disordered the photo excitation of impurity levels within the bandgap
InP based QWIP show no major degradation. In general, withthe of the host material [2]. In use, the devices are cooled
spectral broadening taken into account, the overall performance until only a few of the hydrogenic impurities are thermally

of the disordered QWIP’s has not dropped significantly. Thus, the . . o . . .
postgrowth control of the QW composition profiles by impurity- ionized. The principal problems with the devices are their low

free vacancy disordering offers unique opportunities to fine tune Operating temperatures-4 K), and low impurity absorption
various aspects of a photodetector's response. Theoretical cal-coefficient, which is limited by low-impurity solubility. To

culations of the absorption coefficient spectrum are in excellent gchieve total absorption in Si:x, the detectors would require a
agreement with the experimental data. thickness of 10Qum [3]. Until the development of mercury
Index Terms—Absolute response, dark current characteristics, cadmium telluride (MCT) detectors, the detector of choice
focal plane array, impurity-free vacancy disordering, peak re- for the 8—12nm-long wavelength infrared (LWIR) band was
sponse wavelength, quantum efficiency, quantum-well infrared Ge:Hg photoconductor. The HgCdTe (MCT) detector was
photodetectors, rapid thermal annealing, red shift. introduced in the late 1950's in England [2]. These detectors
have found use in both civilian and military applications in
|. INTRODUCTION thermal imaging, guidance, reconnaissance, ranging, and com-

ETECTING, measuring, and imaging the patterns dpunication systems [1]. The versatility comes from the ability
Dthermal heat radiation emitted by objects have been & 9row custom alloy mixtures of Hg..Cd, Te with virtually

interest since the discovery of the infrared (IR) spectruf’y bandgap between 1-26n [2]. The MCT detector has
several advantages over the extrinsic photoconductor. The
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GaAs  AlGaAs TABLE |
hadd it CosT CompARIsON BETWEEN HgCdTe FPAAND QWIP FPA
10 um Detector HgCdTe FPA QWIP FPA
Material cost $3000/inch? $300/inch?
Size of Wafer 7 inch? 7 inch?
Lot Cost (10 wafers, $210,000 $21,000
ConeantShion Mo | Processing Cost $140,000 $20,000
I I Lp I | (for 70 inch?)
Lo Lo Total Cost $350,000 $41,000
Ny I [ Chip Yield (FPA) 25% 50%
| H : :ﬂ : Chip Cost Reduction 17 1
I "‘L[)I‘— —’“—DI“
Ly = Wellwidth (40A) or monolithic integration. Here is where QWIP’s find their
Lg = Barrier width (300A) niche. The GaAs—AlGaAs QWIP is easier to fabricate, less
Lo = Width of one period of the structure (340A) expensive to grow, and more uniform across large-area two-
L, = Width of intentionally doped region in the quantum dimensional (2-D) focal plane arrays (FPA’s) at a lower cost.
well (center 20A of quantum well) Long-wavelength imaging systems such asybb cutoff 128
Np = Doping concentration intentionally introduced x 128 QWIP FPA Camera, 256 256 Portable QWIP FPA
in the quantum well over a region of width Camera, xm cutoff 640 x 486 QWIP FPA Camera, and

Lo (1.0 x 1018/em3) 256 x 256 Palmsize QWIP Camera utilizing intersubband

Fig. 1. Schematic drawing of the type-l QW structure. The parameters fnansition in Ill-V QW’s have been demonstrated by the Jet
the standard structure are indicated above. Propulsion Laboratory [11] and acheived an excellent imagery
with a noise equivalent differential temperature of 30 mK.
literature was performed by Smith and co-workers in 19g8cremental engineering advancements are quickly changing
[5]-[7]. the perspective on QWIP, toward one of great hope, as the
successor to MCT in LWIR array technology. Cost issues
affect the development and future commercialization of such
Il. N-TyPE QWIP DESIGN AND DEVELOPMENTS a technology. The focal plane array (FPA) chip cost reduction
Modern photoconductive quantum-well infrared photodetewll be at least 17 to 1 using the QWIP approach as illustrated
tors (QWIP’s), with responses at various wavelengths fromis Table I.
to 12 ym, were first demonstrated by Levieeal.in 1987 [8]. ~ The QWIP detector uses a QW energy transition to absorb
A schematic of the type-1 QWIP structure is shown in Fig. 1. laptical radiation and the accompanying excited state electron
most QWIP devices, a signal is generated when a QW absof@ssignal output [12]. In a bound-to-continuum type (schemat-
IR radiation. This excites electrons from the ground state ieally shown in Fig. 1) QWIP detection, a single bound state
an excited state from which the excited electron is collect@@ntributes its photoexcited electron to the extended state
by an applied field, resulting in photocurrent. Superlattio® the continuum, above the barrier, where the electron is
detectors are, therefore, extremely versatile due to the neaylected by applying an electric field across the superlattice
limitless possibilities of bandgap engineering (three fund&l3]. Unexcited or bound state electrons cannot easily tunnel
mental structures: bound-to-bound, bound-to-continum, atittough the thick barriers, hence dark current is relatively low
bound-to-miniband). Besides the successful GaAs—-AlGafk3]. The disadvantage of this QW system is that it cannot
superlattice, other IlI-V materials have indicated promisgbsorb normally incident light, due to polarization selection
as LWIR detectors. In recent years, considerable interestes [14]. Grating couplers are important components of
has focused on the fabrication and characterization of III-QWIP focal plane imaging arrays. Gratings provide a means
based QWIP [9]. The use of these materials rather th&m scatter the optical field in directions that favor intersub-
conventional mercury cadmium telluride detector is basdxnd absorption [15]. Recent discussion in the literature has
upon two advantages: First, these detectors are fabricapgdvided several solutions to the coupling problem [16].
from GaAs-AlGa_,As QW superlattices, a significantly A recently developed fast electromagnetic solution tech-
less expensive, more uniformly grown, and more abundarifjue, the steepest descent fast multiple method (SDFMM)
material than MCT. Second, standard high-yield GaAs if17], permits the efficient analysis of scattering from periodic
tegrated circuit fabrication techniqgues may be used, paviagd aperiodic gratings [18]. In the context of QWIP gratings,
the way for advanced sensor arrays and their cost effectite SDFMM can be used to predict absorption as a function
manufacture with existing infrastructure. The price paid for thef wavelength, as shown in Fig. 2. The P-grating [Fig. 2(a)]
easy fabrication of QWIP’s is in their lower quantum efficiencis a doubly periodic grating; D- and S-gratings [Fig. 2(b)
and higher dark current than ideal narrow gap detectors swhd (c)] are perturbed P-gratings, obtained by respectively
as HgCdTe [10]. The many fabrication problems in MCTisplacing and scaling raised portions of the periodic grating
make it generally unsuitable for a large array technology the lateral directions in a random manner. As seen in Fig.
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Fig. 2. Integrated field strength versus wavelength/period for P- D-, and

S-gratings. Optical current on these gratings is modeled using 30000 basis (b)

functions (a) P-grating, (b) D-grating, (c) S-grating.
Fig. 3. Integrated field strength versus wavelength/period for rough surface
gratings and a periodic grating. The three gratings R1, R2, and R3 possess

2(d), the D-and S-gratings exhibit a much smoother spectf3fLTeer saLare heohie of 02, 0.4 ang 05 tmes e coter wavelengl
behavior over the wavelength range of interest than the {-+he period. (a) R-grating. (b) Spectral Behavior of Absorption.

grating, albeit with a slightly reduced peak absorption. Rough
surface gratings [Fig. 3(a)], which are logical extensions of
quasirandom gratings, are within the range of applicability
of the SDFMM. The (rough) surfaces modeled in the paper
can be created using techniques developed for fabricating
diffractive optical elements [19] Fig. 3(b) shows the spectral
response of the integrated field strength due to rough gratings.
The absorption remains high and has a remarkably constant
behavior over the entire wavelength band of interest. These = Ves=03V
observations suggest that adding randomness to gratings, for

instance by introducing rough surfaces, can result in a dramatic Base
amelioration in peak absorption and spectral behavior with a @)
resulting improvement in QWIP performance.

QWIP’s have recently been explored in great detail with
promising results. The largest drawback is their large dark
currents when operated above 60 K. A number of different
methods have been explored in an effort to reduce this current.
IR hot electron transistors [20] utilizing a GaAs—AlGaAs
MQW structure as an emitter and an electron energy filter Ves
in front of the collector as shown in Fig. 4(a) and (b) are
designed for higher performance at 60 K and above. The Veg =
energy filter is designed to selectively filter the photocurrent Base +0.03Vv Collector
and the dark current respectively. Draining the dark current b)
allows the QWIP to operate at higher temperatures with
reduced noise. The injection coefficiefhI~/Alx) of the Fig. 4. Band edge profile of an IR hot electron transistor utilizing a multiple

. " QWIP with an energy filter barrier (8 = —0.3 V andVeg = 0.03 V,
photoelectron measured as the ratio of the relative changegu\y, . — 03 v andip = —0.03 V.
the photocurrent are shown in Fig. 5(a) and (b), respectively.

Measurements were done for the two case of bias at different
heat sink temperatures. In general, a high-injection coefficientin spite of the successful development of intersubband
results. Also, another figure-of-merit estimating the reductiolQW QWIP technology, only little effort has focused on
in the leakage current relative to reduction in photocurrent dbeoad spectrum/multiple color detection [21], [22]. One of
also shown in Fig. 5(a) and (b), respectively. the distinct advantages of the QW approach is the ability to

Collector

Veg =-0.03 V

Emitter
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0.86 gt 104 [ll. LAYER DISORDERING BY RAPID THERMAL ANNEALING
0.88f :—_i:dAiﬁ/Alc(BOK)”E(BOK) o Modifying the layer (i.e., QW and/or barrier width) thick-
ook ol 41000 ness will change the absorption wavelength of the raw ma-
E L terial. In this manner, one can grow detectors which are
32 092? J100 (%g tuned for absorption at various wavelengths. This method,
= 0.94F ] Z however, relies on a separately grown superlattice, possibly
0.96} l1o F'Tg on different substrates for each different absorption peak
098k ] 2 wavelength desired. An alternate method to achieving vari-
B T e T ation in absorption peaks which can easily be employed is
20 40 60 80 100 120 the technique known as impurity-free vacancy disordering
Heat Sink Temperature (K) accomplished by the diffusion of point defects such as the
(a) column lll (Ga) vacancies [27], [28]. Thus, by disordering
the well using the native point defects which exist within the
g AlA AL EOKEEK) g 10° well and vacancies introduced at the surface, it is possible to
0.74F —— Algal, §1o4 = increase the first energy state in the conduction band, such
E B that a reduction in energy to the continuum is acheived. This
L 0761 §1000<§ allows for a red shift in the intersubband energy without
> ool Y100 £ growing an entirely new structure. The redistributed profile
’ E " makes the QW thinner at the bottom than the originally
ok 1o, 8 grown well, as shown in Fig. 6(a). This modification of the
] - well width shifts the absorption to longer wavelengths as the
ol M energy level rises in the well. Dielectric film stress, trans-

20 40 e & 100 120 ferred to the surface of the substrate, influences the amount

Heat Sink Temperature (K) . i i ! K X

b of diffusion induced wavelength shifting which will occur
®) during annealing. Deposition may take place via chemical
Fig. 5. Injection coefficient of the photoelectrénI-/AlL) of a QWIP  vapor deposition (CVD), plasma-enhanced chemical vapor
with energy filter. (' = —03V, Ve =003 V. (0)Vig = 03V deposition (PECVD), or sputtering. Substrate temperature
andVepg = —0.03 V. Also shown((Ale/AlR)/(Ic(80 K)/I15(80 K))) P ( )’. . P f 9 . P '
estimating the reduction in the leakage current relative to the reduction in t'f%ac_tam gas composmon,. and for PECVD, microwave poyver
photocurrent. applied to the plasma will change the film characteristics.
Films such as silicon dioxide and silicon nitride, with their

produce multiband or multicolor detectors, which are desirabrpeyr'ad of cpmposnpns gnd mixtures should be adgquate to
rovide arbitrary variety in stress levels. The annealing oper-

for futur_e_hlgh perfor_mance IR sys_tems. Interdlffus!on Offergtion may be performed via rapid thermal annealing (RTA).
the flexibility to modify the properties of the materials afte : - . . o
. . ; In recent years, laser irradiation to induce QW intermixing
growth and can be acheived by techniques, such as impurity-
induced disordering, impurity-free vacancy disordering [23 GaAs-AlGaAs and GalnAs-GalnAsP structures has been
g, Impunty y 9 emonstrated [30]-[33]. Laser beam sources as processing

[24], or ion implantation enhanced interdiffusion [25], [26]tools allows thermal processing of semiconductors with very

Itis pos_sitglle to :.ifioéd‘?r tze Q:N,S such that ;he bo%ndhittq‘? h spatial and temporal resolution [34], [35]. Hence, the
energy Is biue shitted, leading to a corresponding red shift glg, ¢ g technique offers unique opportunities to fine tune

the intersubband energy. The QW is changed from a squ ious aspects of a QWIP’s response. Once the annealing

W_e: with a sharp(jipterfar::e, to an erz]rror-fu?cti(c)jn shapedl e complete, the dielectric cap layer may be stripped and the
with a corresponding change in the confined energy 1eVe(s o ¢ nrepared for subsequent detector processing. Broad-

[271-[29]. The degree to which disordering occurs depends Ngfe m/multicolor detection makes use of the variation in
only on the processing, but on the physical properties of ), elength shift for different dielectric induced surface stress.
material, including, but not limited to, dielectric encapsulerﬁig 6(b)—(d) illustrates that the broad spectrum response is

type, doping, and the existence of capping layers. a direct result of the linear super position of two adjacent
In this paper, we describe experimental results for deteCt%{Esorption maxima.

in which impurity free vacancy disordering is employed to in-

termix GaAs—AlGaAs and InGaAs—InP MQW structures. We

first present the details of our experiments and measuremdMt GROWTH, MATERIAL, AND DEVICE CHARACTERIZATION
procedures. Then, the experimental results for both as-growrGaAs—-AlGaAs n-type QWIP’s were grown by solid source
and disordered structures are compared and discussed. Nexdlecular beam epitaxy (MBE) on a semi-insulating (001)
a brief discussion of our theoretical calculations of the inteGaAs substrate. The active region, sandwiched between two
subband absorption coefficient for as-grown and disorderadype (10% cm—2) GaAs layers, consisting of 50 periods of
GaAs-AlGaAs QWIP’s are described, and the prediction GD0A undoped A} .;Gay 75As barriers and 4Gk Si (n ~
the model is compared to the experimental data. Finally, i®'® cm~2) center doped GaAs wells. The doping is confined
conclude with a summary of the relative performances & the center 20 of the GaAs well. InGaAs—InP p-type
as-grown and disordered QWIP. QWIP’s consisted of 30 periods of JZD-uniforme doped
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Absorption Tunable 4
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Pixel 2 \ Response
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(© (d)

Fig. 6. (a) Modification of QW profile due to QW-intermixing. (b) Schematic representation of shifting effect and its utility for response detiecto(dun
Multicolor detection by shifting each pixel a different amount. (d) Schematic representation of a broadband detector made possible through the line
superposition of the relative absorption response of two neighboring peaks.

(p = 3 x 1018 cnT?) Ing;3Gay.47As QW's and 500A —————

thick, uniformly Be-dopedy = 1 x 1017 cnt3) InP barriers, §

all of which were sandwiched between S@OBe—doped 3 -

x 1018 cnT?3) Ing 53Ga.47AS contacts on an InP substrate.

DCXRD measurements were carried out to characterize the ] @
crystalline quality of the p-type InGaAs—InP superlattice layer E 1

(SL). A Phillips double-crystal X-ray diffractometer was used
to measure the diffraction patterns. Each of the diffraction
patterns were measured in a mode with a fine collimation of the
incident and diffracted X-rays in order to retrack the evolution
of its superlattice harmonics over several degrees. Fig 7(a)
shows the experimental and simulated (004) GuKrocking (c)
curves of the p-QWIP structure with 30 periods of InGaAs/InP §
SL (10A InGaAs well and 50@ InP barriers). The super-
lattice satellites are observed upto the fourth order, and the ;
average FWHM.of the experlmenta! satelllt.e peaks is 31 arc- e _‘10‘00' — (‘) s ~1O'OO' =000
sec, demonstrating excellent material quality. The simulation Angle (Arcsec)
in Fig 7(b) assumed abrupt interfaces for both InGaAs-on-InP ) ) ) ) )
and InP-on-INGas interfaces, and that in Fig. 7(c) assumg"s, (19 resouton doublecrytal xray diacton rocking curves of
a monolayer of InAs0.5P0.5 inserted at the upper interfac&she p-type QWIP structure. (b) Simulation assuming abrupt interface for
of the InGaAs layer. Clearly, a transitional monolayer iRoth InGaAs-on-InP and InP-on-InGaAs interfaces. (c) Simulation assuming
. . a monolayer of 1a.5Asy 5P inserted at each inverted interface.

the group V sublattice gives a much better agreement than
the abrupt interface does between experiment and simulation,
suggesting residual Asincorporation in the InP layers andSiO, encapsulant is deposited by plasma enhanced chemical
formation of strained monolayers at the interfaces. In this cas@por deposition. Rapid thermal annealing was performed
a period consists of three layers: 10.5-4 lp;Gay 505As, 3.04 in an AET RTA reactor with 10 sccm of Nflowing. The
A InAsy 5Py 5 and 5.643A InP and to atomic layer schematitemperature was stabilized at 200 prior to high temperature
can be expressed as In—-P-Ifi—-Baln—-As-GalnAs—Galn-As anneal which consists of ramping the temperature at a rate
In*AsP*—In—P—In—P. of 60 °C/s until an anneal temperature (858nd 950°C for

In all studies, prior to annealing, the samples were firtte GaAs—AlGaAs samples and 700, 800, and 900for
degreased in trichloromethane, acetone, and methanol fible InGaAs—InP) is reached. The temperature is maintained
lowed by a light surface etch using NBIH. Then, a 120 at the anneal temperature for 30 s, after which a cool down

3 (b)

Intensity (cps)
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] An-gpromm [} B50"730 seo [} B50%30 sec
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Fig. 8. Cross-sectional TEM of the (a) as-grown (b) disordered (850 Ei - ;
g.9. Cross-sectional TEM of the (a) as-grown, and (b) disordered {800
30 s), and (c) RTA (950C, 30 s) n-type GaAs-AlGaAs MQW structures.;, 31 g) yitra-thin p-type InGaAs—InP MQW structures. Shown are the QW's

Shown are the QW’s (lighter regions) and the barriers (darker regions). (darker regions) and the barriers (lighter regions).

is initiated and the temperature decreases to @D@fter 10 L R B B B A RS B

s and to 25C°C after 1 min. ol As-Grown 0.773 ym
The material quality and optical properties of the as-grown 8 —— — Disordered

and disordered GaAs—-AlGaAs and InGaAs—InP MQW sam- _7r {850°C, 30s)

ples were investigated using cross-sectional TEM, PL, and : 6 0.743

IR absorption measurements. TEM was performed with a Zz 5t S Hm

120-KV Philips CM12 microscope. In its PL measurements, é 4t /"\

the MQW samples are cooled to 77 K and excited with £ 3F / \

the 632.8-nm line of an He—Ne laser. Their luminescence is 2F /

analyzed by a 0.5-m SPEX monochromator and detected with a 1t //

liquid-nitrogen cooled Ge detector. The intersubband absorp- ol T A T IS . .

072 073 074 075 076 077 0.78 079

tion is measured at room temperature using a Bomen DA3
FTIR spectrophotometer. The MQW samples were polished
into multipass waveguides and sandwiched between two IRg. 10. PL spectra at 77 K of the (a) as-grown and (b) disordered {850
transmitting KRS-5 slabs. IR measurements were done usﬁﬁgé{vgdtype GaAs-AlGaAs MQW structure. A blue shift of 65 meV is
a glowbar source and a KBr beam splitter. Detection of the

IR beams was achieved using a 77-K photoconductive HgC

Wavelength (um)

dTe (MCT) detector. T=6K 900°C (1372.8 meV)
The cross-sectional TEM micrographs are shown in Fig. 8
for (a) an as-grown MQW and (b) disordered GaAs—AlGaAs X19.3
MQW annealed at 850C for 30 s. No defects or dislocations
were observed, and the QW'’s (light regions) were measured 800°C (1210.5 meV)
to be ~45 A and the barriers (dark regiony300 A. A shift 3
widening of the well width was observed in the 850 case. <
The cross-sectional TEM micrographs are shown in Fig. 9 for 2 i
(a) an as-grown InGaAs/InP MQW and (b) disordered MQW £ 700°C (1104.8 meV)
annealed at 800C for 30 s. No defects or dislocations were T
observed for both as-grown and disordered MQW regions.
In Fig. 10, the 77-K PL spectrum shows a blue shift of As-Grown (1080.3 meV)
0.03 um (65.0 meV) for the disordered QWIP structure in
comparison to the as-grown structure. In addition, the broad

disordered QWIP structure exhibits a reduction in lumines-
cence intensity. This is attributed to the out-diffusion of Si
dopant atoms from the well and is strongly dependent on the
amount of disordering during the anneal. Fig. 11 illustrates tff@. 11. PL spectra at 6 K of the as-grown and disordered (700, 800, and
6 K PL spectra of the samples capped with S&dd followed 900°C for 30 s) ultra-thin p-type InGaAs—InP MQW structures.

by RTA at tempertaures 700, 800, 909G for 30 s. The

dependent of the blue shift in PL peak emission energies oreV @ 800°C, and~292.5 meV @ 900 C). In addition, Fig.
temperatures was observed24.0 meV 0@ 700C, ~132.2 12 shows no significant degradation of the PL linewidth up to

1000 1 1 00 1200 1300 1400 1500
Energy (meV)
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Fig. 12. 6-K PL linewidth of the as-grown and disordered (700, 800, a
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peak was observed. The broadened spectral response of the
structure is due to the nonuniform disordering within the
MQW structure. Each well in the broad spectrum structure has

601 a slightly different potential profile and yields a slightly dif-
ferent spectral response. Therefore, the total spectral response,
sl which is a summation of spectral responses from each well,
2 should be both broader and smaller in magnitude.
g We also note that the magnitude of the energy shift of
z 401 the intersubband transition in the conduction band is not in
18

agreement with the interband energy shift, which should obey
the 67/33 conduction band to valence band offset ratio for the
AlGaAs—GaAs material system. This is due to the nature of the
PL measurement and depth dependence of thelayer disordering
during rapid thermal annealing. Since the pump light from the
He—Ne laser is strongly absorbed by GaAs, only the wells near
the top of the MQW stack can be probed and measured for
luminescence. Since these top wells have a larger amount of
disordering and intermixing than the average well in the stack,
Yhe measured PL wavelength for the RTA MQW sample shows
a much larger blue shift than expected.

QWIP’s were fabricated from the as-grown and broad
spectrum samples into 2Q@n circular mesas by etching
through the upper contact layers and the MQW structures
down to the bottom contact layer. Ohmic contacts to the n-
doped contact layers are subsequently formed by evaporating
and alloying AuGe—Ni-Au (n-type GaAs—AlGaAs) or Ti-Au
(p-type InGaAs—InP) metallization. All dark current, spectral
response, and noise measurements on these as-grown and
broad spectrum QWIP’s were performed with the detectors
mounted on a stage which is in thermal contact with the cold
end of a continuous flow helium cryostat. The cryostat has
an IR transmitting KRS-5 window which gives the detectors
a 60° field-of-view for a 300 K background. The dark

current (V) characteristics of the QWIP were measured
Fig. 13. Room-temperature absorption spectrum of the (a) as-grown and\ith an HP 4145 semiconductor parameter analyzer at var-
disordered (850 C, 30 s) n-type GaAs-AlGaAs MQW structure. A red shiftio 5 temperatures. In order to obtain the absolute spectral
of 16 meV is observed.

response of the as-grown and broad spectrum QWIP’s, both

blackbody and relative spectral response measurements were
800 °C RTA. Beyond 800°C RTA, disordered QWIP structure performed. The detector were electrically connected to an
also exhibits a reduction in peak luminescence intensity, whiglkternal bias circuit, and bias currents were supplied from
may be due to the overall broadening of the peak responseattery in series with a large resistor which maintains a
as well as any defects that the annealing process might hae@stant bias current. The temperature-dependent dark current
introduced. versus voltage IV) characteristics of the fabricated as-

The room-temperature intersubband absorption measugéswn and broad spectrum QWIP’s are shown in Fig. 14.

ments are shown in Fig. 13. The measurements were maie dark current characteristics for the as-grown detectors
at room temperatures in the standard waveguide geomedrg in agreement with what is reported by several authors
(45° edge coupling). The absorption of the buffer layer an]. At low temperatures and low biases, sequential tunneling
substrate were subtracted in order to isolate the absorptthrough the barriers is dominant. At very low temperatures and
of the QW structure. The broad intersubband absorptioniigermediate bias, the as-grown detector exhibits a plateau in
due to the continuum band above the energy barriers. Time dark current. At high temperatures and low biases, the dark
absorption peak for the as-grown QWIP structure is measuragtrent is dominated by thermionic emission of carriers from
to be 9.67;m (128 meV), while its disordered QWIP showsghe wells and thermally assisted tunneling through the barriers.
a broader response with the absorption peak at 148912 Fowler—Normham tunneling is the dominant mechanism with
meV), resulting in a red shift of 1.42m (16 meV). The shift impact ionization reported at very high biases.
of the absorption resonance in n-doped GaAs—AlGaAs QW’sAt each temperature, the dark current of the broad spectrum
is due to both the interdiffusion-induced modification of th@WIP was higher than that of the as-grown detector, which
confining potential and the decrease in the polarization shifill affect the noise performance of the broad spectrum
[27]. Shifting and broadening of the intersubband absorpti@WIP. At low temperatures, both the as-grown and the broad
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spectrum detectors exhibit a rapid increase in dark current at Wavelength (um)

high biases. The onset for rapid increase occurs at a lower

bias in the broad Spectrum detector then in the as_gro\hﬁ 16. Normalized phOtOreSpOnse,.Of the as-grown (solid line) and the

d At hiah both th d t?:%sordered @ 8506C for 30 s (dotted line) n-type GaAs—AlGaAs QWIP at
gtector. t higher temperatures, _0t the a_s'grown an & 50 K. The response is measured for each QWIP biased to operate at

disordered detectors show a steady increase in the dark curignteak performance.

as a function of applied bias. The larger dark current of the

broad spectrum detector relative to the as-grown detector G

I8 case, the dark current of the disordered structure lies at
be understood by examining the effects of interdiffusion on tt}ﬁ her er;er than the as-arown detector. and transmission
energy subbands in a multiple-quantum structure. As showﬁJ 9y grown '

electrons through the barrier is larger due to a lower

ig?s)m%trlczgélilnggéi,SEﬁ)ef;:ozuenrg zfaﬁgegntg?g;? r;c: ::nFI 'ffective_ barrier height. This lower effectiye barrier height
annealed MQW structure is higher th&A?) of an as-grown of the disordered dgtegtor may glso explain the Iower onset
structure due to increased aluminum mole fraction inside tigltége for the rapid increase in the dark current in the
well which results from layer intermixing during annealingdisordered QWIP. .
At a given applied bias, the dark current is proportional to 1he Spectral response and noise of the as-grown and broad
the product of the energy dependent transmission coeffici@Rectrum QWIP's were measured with each detector biased
through the barrier and the Fermi-Dirac distribution integratd@ Operate at their peak blackbody response. In Fig. 16 we
over energy from ground state to infinity. show the normalized photoresponse for both the as-grown and
The rounded condition band edge profile of the disorderéésordered detectors. The photoresponse data are based on 45
MQW structure results in a higher tunneling probability foedge coupling. The peak response wavelength measured are
electrons due to a larger transmission coefficient and low@8xm for the as-grown detector and 9.6 for the disordered
barrier height. Consequently, at higher temperatures, whéletector. Since the grand stdi®, ) is higher and the effective
thermionic emission and thermally assisted tunneling dorfiarrier height is lower in the broad spectrum QWIP than in
nate, the dark current of the disordered detector is higher tHae as-grown QWIP, the peak response wavelength of the
that of the as-grown detector. At low temperatures and lowlisordered QWIP experiences a long wavelength shift [27], in
to moderate applied biases, the major contribution to the daaggreement with the room temperature intersubband absorption
current results from electron tunneling through its barrier. Imeasurement.
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From the blackbody and relative spectral response measure- 120 T T .
ments, the peak absolute responses are calculated using (1) to 100 T_80K
be 0.37 A/W for the as-grown detector and 0.1557 A/W for = | N
the disordered detector. The total absorbed optical intensity % 8ok 14.67 V
is determined by integrating over wavelength the product £ ———— 1178V
of the normalized spectral responsg\) and the blackbody g 60 — 89V
irradiance spectruri’ (A, T'). The peak absolute respongg <
(A/W) is calculated from the absorbed optical intensity and g 40
the peak blackbody photocurreff as B ol
RP = 2 Ip (1) 0 e
a 0 2 4 6 8 10
Mp mAt Cos Q/W()\,T)T()\) dA Wavelength (um)
where M is the modulation factor of the chopped blackbody @)
source,a is the aperture radius] is the distance between 0.007
the blackbody and QWIPA is the QWIP areat is the 0.006
transmission through the KRS-5 windo®, is the blackbody §
temperature, anél is the angle (4% of incident radiation. The Py 0.005
peak responsivity of the disordered QWIP is reduced to nearly § 0.004
a factor of four from the as-grown structure. The unity gain 8 0.003
guantum efficiency is calculated from the absolute response 2
using (2). Once the peak absolute response is determined, the ~ § %%
unity gain quantum efficiency can be calculated using < 5001
n= = <h—c> (2) °; 5 395 495 59 685 78 65 98
)\p q Wavelength (um)
where R, is the peak absolute response akdis the peak (b)

wavelength of the spectral response. The peak quantum mf: 17. (a) Bias dependence of the spectral response measured for the
ficiencies are 8.11% for the as-grown and 2% for the brogggrown p-type InGaAs-InP QWIP at 80 K. (b) Bias dependence of the
spectrum GaAs-AlGaAs detector. The four times reducticf egzzl_lrﬁspg%eprgf?grf for the disordered @°8D@r 30 s p-type
in quantum efficiency in the broad spectrum QWIP is due
primarily to the degraded peak responsivity and secondarily its
red shift in the peak region wavelength. Also, the decreaseifhthe barrier height. As such the thermionic emission current
the response for the disordered QWIP could be attributed difed the thermally assisted tunneling is expected to rise leading
to the decrease in gain by scattering. Although the broaderieda decrease in detectivity. Redshifting of the intersubband
absorption spectrum of the Si@ncapsulated disordered dea@bsorption resonance arises both from interdiffusion-induced
tector can result in a reduced spectral response, we believe thaglification of the confining potential and from a decrease
the dominant reduction is a consequence of the out-diffusith the depolarization shift. The latter effect is due in part
of Si dopant from the well [28] and the increased dark curreff @ decrease in the free-carrier concentration within the Si-
throughout the disordered MQW structure. The out-diffusiohoped QW's following rapid thermal annealing [27]. The
of Si atoms from the well reduced the surface concentration igfduction in electron density by 80% (88C€ RTA) of the
electrons in the ground state and yields a smaller absorpti@srgrown value as observed by the Hall measurements [27],
coefficient. Using (3), the detectivity* for a peak wavelength indicates a loss of free carriers in the well for the intersubband
of 8.8 um, a chopping frequency of 500 Hz and a noistansition, attributing substantially to reducing the response
bandwidth of 1 Hz is calculated to be 1.448.0'° cm+/Hz/W and hence the detectivity. But this reduction in detectivity for
for the as-grown detector and 0.2870'° cm-/Hz/W at a the GaAs-AlGaAs QWIP may still be acceptable for focal
peak wavelength of 9.am for the disordered detector. Theplane array detector applications. Recent advances in growth,
detectivity D* (cm-+/Hz/W) can be found using: complimented by innovative structures ( random gratings and
Ry (AAf)/? reflector layers) should offset any degradation in performance
Dx=-2"""J/ (3) making feasible multiple-colored pixels. Fig. 17(a) and (b)
tN show the photoresponses for both the as-grown and disordered
where R, is the peak absolute responsgg, is the rms noise InGaAs/InP detector with bias. The peak response wavelength
current, A is the detector area, anllf is the 1-Hz noise band- measured were-4.55 ;m (80 K, 5.9 V) for the as-grown
width. Due to the increased dark current and noise along witldatector and-7.0 xm (4.5 K, 4 V) for the disordered (80tC,
decreased peak responsivity, the& of the disordered QWIP 30 s) detector. The peak absolute responses were calculated to
is five times lower than that of the as-grown QWIP. Witlbe ~2.5 or A/W (80 K and 5.9 V) for the as-grown detector
annealing, the rounding of the Al profile results in a reductioand ~2.0 mA/W (4.5 K and 4 V) for the disordered detector.
of barrier width closest to the continuum, leading to a redshifthe peak absolute responsivity of the disordered detector is
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(@) Fig. 19. The calculated absorption coefficient spectra for the as-grown and
the disordered n-type GaAs—AlGaAs QWIP. The only fitting parameter used
250 [T 1 T 1T 1 v 1T 11 11 1111t 171 1] is the linewidthT".
- R~ B . . . .
200 F e wheree is the magnitude of the electronic chargg, is the
- 2 ] . . . .
. r ] refractive index of the materiat; is the free-space speed of
E’ 150 V() - light, ¢ is the free—spa}ce permittivityyg is the free—spgce
> C ] electron mass, andw is the energy of a photon&, , is
S 100 E . the energy eigenvalue of a state with wave veetdn the
- 1 ] . . .
W C ] nth subband of a periodic structure, andg, , is the volume
50 . density of electrons in the stat&, ,. I' is the linewidth
N ] of the phenomenological linewidth to account for scattering
o) 0 R Y A Y A S S B broadening. The momentum matrix element fepolarized
-200 -100 o 100 200 light is given by
z (A)
®) Mo = (g2 |0 (2) ©)
= 2 ———| P12
n,q n,q mZ(Z)aZ »q

Fig. 18. One period of the MQW structure with its associated energy

eigenvalues for the first four subbands for (a) the as-grown QWIP amdhere </)n,q(2) is the wave function of the stat&, , and

(b) the disordered QWIP. All widths and compositions are taken from tl

experimental dates (for n-type GaAs—-AlGaAs QWIP).

%:(z) is the electron effective mass. The energy eigenvalues
and wave functions are found by solving the one-dimensional
Schiddinger's equation for an arbitrary periodic potential

of a similar magnitude compared to the as-grown detectgrofile V' (=), which is given by
and the small reduction in the disordered QWIP respons_ehg 9 19
is attributed to the out-diffusion of the Be-dopant from th9——<*——¢nyq(z)) + V(2)pn,q(2)
well. For the purpose of our initial comparative study, we Oz \mi(z) Oz
have assumed an approx flat optical response in the test s Pr.q(?) (6)
temperature regime for InP, as has been verified for GaAs [g}. general, the effective mass of an electrorf (z) in an
Further research efforts will attempt extending the temperatuse Gaas-GaAs MQW structure is a function of the coordi-
ranges and biases. Recent advances in growth, complimeriggk >, In order to model arbitrary periodic potential profile
by innovative structures (gratings and reflector layers) shougyctures such as as-grown and RTA MQW's, we solve (6)
offset any degradation in performance. This makes feasiRlging a Fourier series method [37] to expand each function,
integration of multiple-colored pixels. such as¢, ,(z), V(z), andm*(z), into a basis of complex
exponentials. Then, the Fourier series coefficients are solved
for each energy eigenvaluB, , to find the wave functions.
The wave functions and energy eigenvalues from (6) are used
The intersubband absorption coefficient spectrum of am (4) and (5) to calculate the absorption coefficient of the
MQW or, in general, any periodic or superlattice structure cafructure.
be derived from Fermi's Golden Rule using the momentum To find the potential profile for an RTA MQW structure, it
matrix element [36] at is assumed that the mole fraction of aluminum atoms in one
period of an interdiffused MQW structure is given by

V. COMPARISONS WITH THEORY

627T
a(w) = ———5-— E |an|2 1 Ly+ = Ly,—=
. ’ ?) = 1—=|ef f
nrccomi(hw) 7= w2 =ep(l =g et Sy ) el 5p
r 7
T 2( lg — Nn,q) (4) ( )
(Eng — E1q — hw)? + <_> where L,, is the well width, z is the mole fraction of
n,q 1.9 2 . . . . . . .
aluminum in the barrier before RTA) 4, is the interdiffusion
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coefficient of aluminum when using an Si@ncapsulant, and [3] R. B. Emmons, SR. Hawkins, and K. F. Cuff, “Infrared detector: An

t is the anneal time.

The one period of the potential profile and the assomate[#]

overview,” Opt. Eng, vol. 14, p. 21, 1975.
L. Esaki, G. A. Sai-Halasz, and L. L. Chang, “Infrared optical devices
of layered structure,” U.S. Patent 4205 331, May 27, 1980.

energies of the lowest three subbands are plotted in Fig. 18 J. S. Smith, L. C. Chiu, S. Margaht, A. Yariv, and A. Y. Cho, “A new

for both the as-grown and RTA MQW structures. All values,
such as the well and barrier widths and compositions, arg;
taken from the experimental data and growth parameters. An

interdiffusion coefficient of DAI= 4 A2%/s and a diffusion
time of ¢ =

structure, which yields a diffusion length of A The value

of the interdiffusion coefficient was chosen such that thé®
resulting energy eigenvalues matched the amount of red shift
in the intersubband absorption energy measured in Fig. 13. The
resulting diffusion length is consistent with the TEM measure!
ment of Fig. 6. In Fig. 19, the absorption coefficient spectra f1o]
both as-grown and disordered GaAs—AlGaAs MQW structures

are shown. In this case, a broadening paraniéteas changed

from 20 to 30 meV in order to account for the broadened
response of the RTA structure, and it is the only fitting
parameter used in our model. We note that the peak absorptﬂ
wavelength and general spectral shapes of the intersubband
absorption coefficient agrees well the experimental data shoWd!

in Fig. 16.

VI. CONCLUSION

We have demonstrated that impurity-free vacancy disordé#]
ing can be employed to both shift the operating wavelength
and to broaden the response of the GaAs and InP-based
QWIP following intermixing of the well and barrier layers[1€]
during rapid thermal annealing. The intermixing effect on
the energy levels is performed based on the Fourier serjeg
method and obtain a very good fit. The use of impurity-
free vacancy disordering via dielectric encapsulation and rapig;
thermal annealing changes the well profile of a QWIP and peak
wavelength, but the reduced responsivity indicates that this
technique is limited for sensitive IR detectors. Recent advanqeg
in growth, complimented by innovative structures (random
gratings and reflector layers) should offset any degradati
in performance. This makes feasible integration of multiple-

colored/broad spectrum pixels.
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