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Free-carrier absorption in Be- and C-doped GaAs epilayers
and far infrared detector applications
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Far infrared(FIR) absorption, reflection, and transmission in heavily dopeGaAs multilayer
structures have been measured for wavelengths 20+200and compared with the calculated
results. Both Béin the range X 10*-2.6<x 10°cm 3) and C (1.8 10'-4.7x 10*°cm™%)-doped
structures were studied. It is found that the observed absorption, reflection, and transmission are
explained correctly by the model with a dominant role of free-carrier absorption in highly doped
regions. High reflection from heavily doped thick layers is attractive for the resonant cavity
enhanced FIR detectors. @001 American Institute of Physic§DOI: 10.1063/1.1347002

I. INTRODUCTION nificant progress has already been achieved in the
development op-GaAs HIWIP FIR detector§yesulting in

a responsivity of 3.1 A/W and detectivity of 5.9

% 10°°cmyHz/W, with \. as long as 10&m. The detection
mechanistf of HIWIP detectors involves absorption in the
highly doped emitter layers mainly by free carriers followed
by the internal photoemission of photoexcited carriers across
the junction barrier and then collection, hence the study of
free-carrier absorption in multilayer GaAs structure looks
fike a way to improve the HIWIP performance.

Most of the previous resuftg on optical absorption in
p-GaAs were limited to relatively low doping concentrations
NAo<10®cm 3. By means of molecular beam epitaxial
(MBE) growth, higher hole concentrations up to?dém3
are achievabld.Such a regime was studied in detail for
wavelengths between 2 and 20m, where inter-valence-
band transitions contribute significantly to the total
absorptiorf. Free-carrier absorption measurements in the fa
infrared (FIR) range for 2< 10°cm™2 Be-doped GaAs epil-
ayer were reported recentlyin this work FIR absorption by
free holes in highly doped GaAs multilayer structures is in-||. EXPERIMENT
vestigated both experimentally and theoretically. This work, ]
motivated by possible improvements in GaAs homojunction ~ 1hree sets of samples were used for the reflection/
interfacial work-function internal photoemissiofHiwip) ~ absorption measurements. The first set, 280-nm-thick
FIR detectors, concentrates on the FIR absorption and refle&-dopedp-type GaAs layers used in this study were grown
tion of C-doped GaAs epilayers on an undoped GaAs subY MBE on 350um-thick semi-insulating GaA&100) sub-
strate and Be-doped layers in multilayer GaAs structuresStrates, following a 200-nm-thick undoped GaAs buffer
High performance FIR40—200um) semiconductor detec- layer. The substrate temperature was kept at 500 and 580 °C

tors as well as large focal plane arrays are required for spad@’ the doped and the buffer layers, respectively. The
astronomy applications, such as NASA’s airborne missionASs-0-Ga beam equivalent ratio was kept constant at a value
Stratospheric Observatory for Infrared Astronomy, and the?f 20. Carbon was used as a dopant in this set of GaAs
European Space Agency’s Far Infrared and Sub-mm Telesamples since it allows a higher level of doping in compari-
scope programs. Si or GaAs HIWIP FIR detectors can comSON with beryllium concentration, which is limited to
pete with extrinsic Ge photoconductorainstressed or (4—8)x10'cm*: higher level is necessary to extend the
stressefland Ge blocked-impurity-band detectors due to thefUtoff wavelengthk, of the HIWIP detector to 20um and
material advantage of Si or GaAs over &Ehe cutoff wave- beyond: Five samples with different concentrations in the
length . is determined by the interfacial barrier height be- €Pilayers(see Table)l and a piece of the substrate material
tween the emitter layers and undoped intrinsic layers. SigaS the reference were measured.

The second set of three multilayer structures was de-
signed and grown by MBE as FIR HIWIP detectors. The

3Electronic mail: uperera@gsu.edu o ;
YCurrent address: Department of Applied Physics, Shanghai Jiao Tong Un|§UbStr"ﬂe temperature was kept at 560 °C. The MBE ePIIay

versity, 1954 Hua Shan Road, Shanghai 200030, People’s Republic d#fS consist of a bottom antaCt |aY_er of _thiCknw§' an
China. undoped layer \(V,;), N periods of thin emitter §*) layer
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TABLE |. Parameters for five 280-nm-thick-dopedp-type GaAs epilayers  element(carbon or beryllium In the reststrahlen region the

with a 200-nm-thick undoped GaAs buffer layer, separating the @%0- _ e . .
thick semi-insulating GaA&L00) substrate. Doping concentration and relax- frequency-dependent permittivity of the highly doped emitter

: 8,
ation time constantz) were estimated from the measured Hall coefficients 12Y€r can be considered-as
and resistivities. The values farused for fitting the experimental spectral

data are slightly lower than measured values. However, the tendency of wg w%o( €5— €.,)
decreasingr with increasing concentration is very similar. €=¢€,| 1— - > > . D
w(otiog)) wio— e —iyw
Sample No. Np (cm™) Measuredr (s) Fitting 7 (s)

7228 22100 Laxi0 " Lox10 % _ This expression does_ not _take into account the mul-
M7.227 2 4 101 1.6x 1014 14x10° %4 tiphonon effects and oversimplifies the coupling of plasmons
M7.229 1.3¢ 101 1.8x10 14 1.5x10 14 and phonons.However, it has been used as the basis for
M7.270 5.9< 1018 2.5x107 1.8x10°* sorting out plasmon-phonon effects, in several GaAs
M7.232 1.8<10° 2.8x10° 1 2.0x10° investigation$:1° The first term in Eq(1) describes the free-

carrier absorption in the frame of Drude model. Heres the
optical frequencywy=1/7 is the free-carrier damping con-
stant with relaxation timer (which is independent of fre-
(We), and undoped intrinsi@) layer (W;), and finally atop quency in  semiclassical transport theory w,
emitter layer W,.) and a top contact layef,.). The emitter = (Npd*/€oesm*) ¥ is the plasma frequency, andg is the
and contact layers were doped with beryllium. The dopingow frequency dielectric constant of an intrinsic semiconduc-
concentration in emittersN) was (3—8) 108cm™3. The  tor,m*=0.5m, is the heavy-hole effective mass in Gafs
bottom and top contact layers were doped to (1.0—2.6Pne-band modglm is the free electron mass, ands the
% 10"cm2. The layer parameters, measured by secondarWagnitUde of the electron charge. The carrier concentration
ion mass spectroscofBIMS), are presented in Table II. Np can be estimated from the doping level. The relaxation
The third sample set consisted of the same structures déne 7 is estimated using mobility measurements for
the second set, but the top contact layer was etched out corf-doped sampleésee Table )l For Be-doped samplesis
pletely, and the top emitter layer was also partially etchedaken to be~10"**s based on measurements done on simi-
out, to obtain a set of samples as close to the detector strulr (Be) doping level sample$The “reststrahlen” ternthe
tures shown in the bottom right corner of Fig. 4, in order tosecond termin Eq. (1) describes the interaction with optical
model the absorption process in the detector. phonons in the Lorenz model. Here, and e.. are the
The spectra of absorption and transmission were takenstatic” and “high frequency” dielectric constantsyro is
with a Perkin-Elmer system 2000 Fourier transform infrarecthe transverse optical-phonon frequency, apds a damp-
spectrometer at room temperature with a resolution of 4ng coefficient with dimension of frequency. The values for
cm . The absorption in the whole structui@sorbed power the parameters used arewro=33.25meV, e,=12.85, €.
normalized by the incident powewas calculated using the =10.88(300K),%y,=0.25me\’. The permittivity of the

fact that the sum of the normalized reflection, transmissionSubstrate was calculated using Et). with values for carrier
and absorption should be unity. concentration N,=10cm™3, and relaxation time 7
=10"13s. At helium temperature the substrate amegions

may be described by only the reststrahlen term due to prac-

lIl. THEORY tically zero carrier concentration, and may be considered as
transparent outside the reststrahlen region.
The free-carrier absorption in @type GaAs thin layer For the normal incidence of a plane electromagnetic

on an undoped GaAs substrate is calculated from the conwave, the solution of Maxwell’'s equations for the electric

plex permittivity e of the layer and the substrate. It is con- and magnetic fields inside each layer is the superposition of
sidered that free-carrier absorption is determined by the cortwo plane waves, propagating in the opposite directions. The
centration and the relaxation time irrespective of the dopingamplitudes of these waves can be found by matching electric

TABLE II. Parameters for three nonetchéskt 2 and three etchedset 3 Be-dopedp-GaAs HIWIP FIR
detector structures. Herd/y,., Wy, We, W;, W,., andW, are the thicknesses of the bottom contazt {),
bottom intrinsic(i), emitter (@), intrinsic (i), top emitter *), and top contact{* *), respectivelyN;, Ng,
and N, are the doping concentrations of the contact, emitter and top emitter layers, respectively.

N¢ No. of Ne Wie
Sample W,  (10®° W, repeats W, (0w, (10° N W
No. (nm  cm™®  (nm) N mm cm® (m cm®  (m  (hm)
9605 400 2.6 450 0 e e 300 0.8 300
9601 400 1.0 150 10 15 0.6 95 275 0.6 250
9604 350 2.6 150 20 12 0.3 68 250 0.5 250
9605 etched 400 2.6 450 0 e 60 0.8
9601 etched 400 1.0 150 10 15 0.6 95 60 0.6 -
9604 etched 350 2.6 150 20 12 0.3 68 60 05 ---
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FIG. 1. Normalized reflection for 280-nm-thick GaAs:C layeron a 280~  F|G. 2. Normalized absorption for 280-nm-thick GaAs:C layer on a 350-
thick semi-insulating GaAs substrate for different doping concentrations in,m-thick semi-insulating GaAs substrate for different doping concentrations
the epilayer(for light incident on the doped-layer sidga) Experimental in the epilayer(for light incident on the doped-layer sidé¢a) Experimental
reflection spectra for(1) sample M7.228 withN,=4.7x10"cm™3, (2) absorption spectra fofl) sample M7.228(2) M7.227,(3) M7.270, and4)
M7.227,N,=2.4xX 10" cm™3, (3) M7.270,N,=5.9x 10" cm ™3, and(4) the a piece of the substratéb) Calculated absorption in the epilayer fdt:)
350-um-thick Sl substrate(b) Calculated with Eq(1) reflection for: (1) sample M7.228(2) M7.227,(3) M7.229,(4) M7.270,(5) M7.232, and6) a
sample M7.228(2) M7.227,(3) M7.229, (4) M7.270, (5) M7.232, and(6) piece of the substrate. The inset expands the 3Qu0egion, showing the
the substrate. See Table | for used values of relaxation tinfeatures in  free-carrier(strongey and lattice absorption peaks in the reststrahlen region.
experimental reflection spectra at wavelengths shorter than the reststrahlen

region are due to multiphonon lattice absorption mainly in the bulk of the
substrate, which is not taken into account by model &y. These features

are weaker for samples with higher doping concentration, being masked b(f:/lat"_j1 using the relaxation tlmea_s the fitting parameter fol-
the strong reflection from the epilayer. owing the method of Holm, Gibson, and PatfkThe ob-
tainedrvalues are given in Table I. Although the experimen-
tal 7 values are slightly higher than the values used in the
and magnetic fields at the interfaces of the layer with anothefitting, both sets show a similar decreasing trend with in-
layer. ReflectionR and transmissioi are calculated as the creasing doping concentration.
reflected and transmitted power, normalized by the incident Calculated spectra are in reasonable agreement with ex-
power. The absorption is determinedAs 1-R—T, as in  perimental curves, with highly doped samples giving even
the case of experiment. Absorption in each layer can also beetter agreement. The reflection maximum at @n and
calculated as a normalized difference between the incomingorresponding minimum in the absorption spectra are due to
power and the outgoing power, of each layer. Interferencetrong light interactions with optical phonons, and described
effects arising from the reflection from the backside of thewell by the reststrahlen term in E¢l). Reflection from the
thick substrate were averaged within a spectral interval of 4op layer with high carrier concentration masks spectral fea-
cm ! modeling the experimental resolution. tures relating to multiphonon interactions in the bulk of the
substrate. These were not taken into account in the model,
since these features are much weaker than the free-carrier
absorption features. Figure 3 shows the calculated absorption
The measured and the calculated reflection spectra for eoefficienta=2w/c Im(+/€) for heavily doped GaAs, witla
280-nm-thick C-doped GaAs layer on a 3pfn-thick SI  determined by Eq(l). For the lowest measured doping con-
GaAs substrate for five doping concentrations in the first setentration of 1.& 10'8cm™ 3« scales with wavelength as®
of samples listed in Table | are shown in Figga)land Xb). up to about 30 um and reaches a maximum of 2
The experimental and calculated absorption spectra for the& 10°cm™* around\ =120um. For the highest concentra-
same set of samples are shown in Fig®) 2and 2b). Cal-  tion level of 4.7 10°cm™2 the A? behavior is seen up to
culations of reflection, transmission, and absorption werabout 10 um, and the highest value of 2@0*cm™? is
performed for measured values of layer thicknesses and comeached ah =25um. Calculateddoped regiojpabsorption
centrations. Experimental data were fitted to the calculatedurves for the C-doped samples listed in Table | are shown in

IV. RESULTS AND DISCUSSION
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FIG. 3. Calculated absorption coefficieat=2w/c Im(\E) with e deter-

mined by Eq(1) taking into account free-carrier and optical-phonon absorp- 2500 1500 500 2500 1500 500
tion, for GaAs with different doping concentrations and corresponding Wavenumber {cm')
values: (1) N,=4.7x10%cm™3, 7=12x10"s, (2) N,=24 w o o
X101%cm™3, 7=1.4x10"*s, (3) N,=1.3x10cm 3 r=1.5x10 s, W w etched-out region

_ 8 ~m-3 — — 14 _ 8 ~m—3 e IS
(4) N,=5.9x10"%cm™3 7=1.8x10 s, and(5) N,=1.8x10"%cm™3, 1
=2.0x10 *s. The absorption coefficient scales as\? at shorter wave- W, N repeats w
lengths (up to A=~10-30xm), and has a slightly decreasing tendency as W P T
wavelength increases. Sharp maximum at 37 is due to strong optical- b R W,
phonon absorption. “substrate Wy substrate

FIG. 4. Calculatedsolid lineg and measureddash lines reflection for
) ] Be-doped multilayer detectasee Ref. Y structures with and without the
Fig. 2(b). In the reststrahlen region there are two peaks ofop contact, i.e., nonetched and etch@inonetched 9605 with top emitter,

ep”ayer absorption shown in the inset of F|gb2 The peak (b) top contact removed, i.e., etched 96@6) nonetched 9601 with ten

. . . eriods,(d) etched 9601(e) nonetched 9604 with 20 periods bfegion-
at the Ionger Wavelength IS practlcally mdependent of thét;mitter, andf) etched 9604. The nonetched and etched structures are sche-

doping concentration and corresponds to lattice absorptionnatically shown in the bottom part of the figure. The discrepancy for non-
The shorter wavelength peak value increases strongly withtched 9604 is due to 7% deviation in growth thickness. Reflection far away

the carrier concentration and can be attributed to free-carridfom the reststrahlen region is a quasiperiodic function of wave number with
absorption. The free-carrier absorption below and above thi® Perioda . due to Fabry-Ret resonator formed by the bottom contact
. i o . . layer and the top highly doped regioAdv is inversely proportional to the

reststrahlen region increases with increasing concentratiokhicknessw, and increases with reducing the numberiefp® repeats
In the long wavelength range free-carrier absorption remaingrom the bottom to the top and with etchingfrom left to right.
significant up to 20Qum and beyond allowing the consider-
ation of HIWIP as a prominent detection mechanism for FIR
range. tom contact. Since the emitter layers are optically tfie.,

Increasing the doping concentration and the emitter layew,.<\g, ), the absorption depends on the amplitude of
thickness is a way to increase the free carrier absorptiorelectric field and hence on the distance from the bottom con-
However, in HIWIP the doping concentration is chosen totact layer which plays the role of the “mirror.”
give rise to an appropriate detector interfacial work function Both measured and calculated reflection curves for
A, and W, should be of the order of inelastic scattering samples in Table Il are shown in Fig. 4. It is clearly seen that
length L,~20-30nm forp-GaAs for optimum collection Eg. (1) adequately describes the spectral behavior of the
efficiency!! Another way is to use the resonant cavity en-multilayer HIWIP structures. The fitting parametey values
hanced(RCE) architecture utilizing the reflection of the in- of 1.2x10 4 1.5x10 4 and 2.0< 10 *s were used for
coming radiation from the bottom layer to increase the opti-Be-doped GaAs regions with concentrations of X216'°,
cal field intensity in the active region of the detector. The1.0x 10", and (3—-6)}X10®¥cm™3, respectively. All the
high reflection from the highly doped laygsee Fig. 1a)]  structures demonstrate a significant resonance cavity effect
allows the use of an optically thick bottom contact layer as aue to reflection from the bottom contact layer with spectral
mirror in the HIWIP structure. The interaction with light features corresponding to their geometrical parameters. The
depends strongly on the carrier concentration and the thickguasiperiodic structure of a normalized reflection as a func-
ness of the active layers. In the FIR range, GaAs with aion of wave number above the reststrahlen region is seen in
doping density of X10%cm ™3 has a skin depths’ Fig. 4. The period\v is inversely proportional toV;, where
=cl/w Im(y/€) of the order of 1um. Hence a typical 700 nm, Wy is the total growth thickness or the distance from the
bottom contact region doped tox2.0°cm2 will reflect  highly doped top region to the bottom contact layary
back a significant fraction of the incident radiation to form a~(2/e, W) ~. Both measured and calculatéd values
standing wave greatly reducing the electric field at the botare presented in Table Ill. The discrepancy between calcu-
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TABLE Ill. Total thicknessWy and interference oscillation periakly for
three nonetchetset 2 and three etchetbet 3 p-GaAs HIWIP FIR detector
structures. HeréNy= W+ Wy + N(We+W,) + W+ W,.—see Table Il for
the parameteré/N,.=0 for the etched structuresReflection from the struc-
ture is a quasiperiodic function of wave numiléequency as shown in
Fig. 4 due to the optical cavity effect. The peridd is inversely propor-
tional to cavity thicknes&Vs .

Absorption in top emitter
o o o o
o o (=] o
S S -

Sample W MeasuredAv CalculatedAv
No. (um) (cm™Y) (cm™Y)

9605 1.45 1140 1150
9601 2.20 720 720
9604 2.60 625 580
9605 etched 0.91 1920 1980 ¢
9601 etched 171 940 940 0.00 . . T . . . T
9604 etched 2.16 720 720 25 75 125 175

Wavelength (um)

FIG. 5. Calculated absorption in the top emitter region as a function of
lated and measureflv values for nonetched 9604 could be wavelength for three etched structurés) 9605, (2) 9601, and(3) 9604.

qﬂighest absorption at 5@m. At longer than 70um wavelengths, emitter

to the position of the_sample from the Wafer center. . absorption in the sample 9601 is higher than in other samples due to lower
The structures with greater number of internal emittersyoping concentratiom, in the bottom contact for this sample, weaker re-
are thicker, and hence the perida is shorter as seen in Fig. flection, and hence higher optical electric field amplitude in the nearest

4 (Av decreases from top to bottdnThe value ofAv is also vicinity of the bottom contact surface. For all these samples the position of
resonant absorption, corresponding to the condign- A /4, falls close to

less for_nonet(_:hed_StrUCtur@Be Figs. @), 4(c), and 4e) in the reststrahlen region. To shift it into the far infrared range further increas-
comparison with Figs. @), 4(d), and 4f), respectively, be-  ing w; is necessary.
cause the cavity in this case is formed by the bottom and the
top contact layers. This distanc@/t) is greater in the non-
etched case thaw; in the case of etched structures. The
“oscillations” are weaker for both etched and nonetchedt0 top emitter increases within a thicknessxaf4. The in-
9601 structures due to lower concentration of the bottonfrease in the response with the number of emitter layers was
contact region. As shown for the set of samples in Table experimentally demonstrated. The measurecufOrespon-
(see Fig. 1, reflection is weaker for low doping concentra- sivities of the HIWIP detector structures were 0.12, 1.51, and
tions, and hence the interference effect is weaker. 3.10 AW for Wr=0.91, 1.71, and 2.16um, respectively,
Calculated absorption in the top emitter regions for threediving the highest value folW;=2.16um, Be-doped 20
etched structures is shown in Fig. 5 as a function of wavelayer (9604 HIWIP detector with\, of 100 um.** The de-
length. For the etched structures the position of the longestector with the lowesW; value shows a lower responsivity
wavelength absorption maximufor the longest-wavelength than expected from the calculation indicating the effect of
reflection minimum as indicated with arrows in Figgby bias field redistribution inside the illuminated multilayer
4(d), and 4f)] corresponds to the conditioV;~\¢/4. Here structures> To extend the HIWIP response to longer wave-
A\, is the wavelength inside the medium aw is the total  length up to 20Gum and beyond and to improve the perfor-
thickness of the structure. For studied structures, this condMance, it is necessary to design RCE structures with in-
tion is realized at 12, 23, and 28m for W;=0.91, 1.71, and  creased distance up to several micrometers from the bottom
2.16 um, respectively, falling close to the reststrahlen re-contact layer to the top emitter, and increased doping con-
gion, as seen in Fig. 5. To shift the absorption maximuncentration in the emitter region.
further into the far infrared range, the total thickneds
needs to be increased further. Compared to the etched struc-
tures, in nonetched structures, the longest-wavelength ak; concLUSIONS
sorption maximum tends to satisfy thgr~\ /2 condition
due to the strong reflection from both top and bottom contact It is shown that the simple model of free-carrier absorp-
layers producing a better quality FabryrBeresonator. Itis tion [see Eq.(1)] is in good qualitative and quantitative
shown that for longer wavelengtlibeyond the reststrahlen agreement with the experimental data for both C- and Be-
wavelength regionfree-carrier absorption in the top emitter doped multilayer GaAs structures with highly doped regions.
region for etched structures increases with increasing the dig-ree carrier absorption in highly doped regions remains sig-
tanceW; until W5 reaches\ (/4. This is due to the increase in nificant for wavelengths up to 20@m and beyond giving
the optical electric field amplitude of the standing wave agise to the possibility of extending the wavelength range of
the distance from the mirror/emitter increases. For three difHIWIP detectors into FIR range. The high FIR reflection
ferent detector structures witht=0.91, 1.71, and 2.1gm,  from the thick layer of highly doped GaAs allows the use of
the calculated absorptigat 50,.m) in the top emitter region a bottom contact in HIWIP detector structure as a mirror in
was 1.5, 2.6, and 3.4%, respectively. This confirms that theptical cavity architecture, significantly increasing absorp-
absorption increases as the distance from the bottom contaion in emitter regions and hence the detector responsivity.
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