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Demonstration of Si homojunction far-infrared detectors
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A 48 mm cutoff wavelength (lc) Si far-infrared ~FIR! detector is demonstrated. Internal
photoemission over a Si interfacial work-function of a homojunction consisting of molecular beam
epitaxy grown multilayers (p1 emitter layers and intrinsic layers! is employed. The detector shows
high responsivity over a wide wavelength range with a peak responsivity of 12.360.1 A/W at 27.5
mm and detectivityD* of 6.631010 cmAHz/W. The lc and bias dependent quantum efficiency
agree well with theory. Based on the experimental results and the model, Si FIR detectors
~40–200mm! with high performance and tailorablelcs can be realized using higher emitter layer
doping concentrations. ©1998 American Institute of Physics.@S0003-6951~98!03818-2#
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High performance far-infrared~40–200mm! semicon-
ductor detectors as well as large focal plane arrays are
quired for space astronomy applications, such as NAS
Space Infrared Telescope Facility~SIRTF! program.1 Present
far-infrared ~FIR! detectors used or under development
that wavelength range are extrinsic Ge photoconductors~un-
stressed or stressed!2 and Ge block-impurity-band~BIB!
detectors,3 nevertheless, there are many technological ch
lenges for fabricating large format arrays in germanium2

Since almost all the circuit components are fabricated us
mainstream Si technology, incorporating different comp
nents in a single chip to fabricate an integrated circuit~IC! is
a major advantage of using Si. In addition, high uniform
and advances in monolithic integration technology of Si c
play an important role in developing focal plane arra
However, at present, no Si FIR detectors exist that can
erate effectively beyond 40mm at low background.4 Re-
cently, an analytical model was presented5 for Si homojunc-
tion interfacial work-function internal photoemissio
~HIWIP! FIR detector, which shows high performance a
tailorable cutoff wavelengthlc . The main significance o
this detector concept is in establishing a technology base
the evolution of high performance, large area, uniform det
tor arrays using the well established Si growth and proce
ing technology.

The basic structure of HIWIP detectors consists o
heavily doped emitter layer and an intrinsic layer acro
which most of the external bias is dropped. The detect
mechanism involves infrared absorption in the emitter la
followed by the internal photoemission of photoexcited c
riers across the junction barrier and then collection.lc (mm!
is defined as 1.24/D ~eV!, whereD is the work function.6

Depending on whether the doping concentration is below
above the metal-insulator transition~Mott transition! value,
the work function is the energy gap between the impu
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band and the conduction~valence! band or interfacial barrier
between the intrinsic layer and the Fermi level in the emit
layer as defined before5 ~different from the vacuum level to
Fermi level!. One of the unique features is that, in principl
Si FIR detectors can be designed with arbitrary longlc ,
since D can become arbitrary small with increased dopi
concentrations. Here the realization of this novel Si HIW
FIR detector is reported with doping concentration below
Mott transition concentration as the foundation towar
achievinglc;200 mm Si HIWIP detectors.

The sample was grown by molecular beam epita
~MBE! at 700 °C onp-type Si~100! substrate with resistivity
of 18–22 V cm. The MBE epilayers consist of a 7740
bottom contact (p11) layer, a 3870 Å undopedi layer, 10
periods of 645 Å emitter (p1) layers and 1290 Å undopedi
layers, and finally, a 3870 Å top emitter layer and
5160 Å top contact layer as shown in Fig. 1. Multilaye
were used to increase the quantum efficiency due to the
creased photon absorption efficiency and possible photo

FIG. 1. Schematic of thep-Si multilayer HIWIP detector after device pro
cessing.p11, p1 and i are the contact layer, emitter layer and undop
layer, respectively. A window is opened on the top side for frontside il
mination.
7 © 1998 American Institute of Physics
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rent gain enhancement.5 The emitter layers were doped wit
Boron to 2.031018 cm23. The top and bottom contact laye
were doped to 231019 cm23, above the Mott transition
value of 1.4731019 cm23 for p-Si5 to ensure an ohmic con
tact. Thickness and the concentration control of MBE grow
is confirmed by the spreading resistance measurements.
contact was formed by deposition of Al and the optical w
dow area (A0) is 2603260 mm2. The p-Si HIWIP FIR de-
tector was characterized by current–voltage (I –V) measure-
ments and photoresponse. The responsivity was obta
using a Perkin–Elmer, system 2000, Fourier transform in
red spectrometer~FTIR! and a Si composite bolometer as t
reference.

Figure 2 shows the spectral response at 4.2 K meas
at different forward biases for the 10-layerp-Si HIWIP
sample. A wide spectrum with high responsivity is obtain
The long tailing behavior in the long wavelength reflects
nature of internal photoemission. The responsivity ha
strong bias dependence, increasing significantly with incre
ing bias. However, the bias cannot increase indefinitely
the dark current also increases with bias. The spectral
sponse at reverse biases is similar to that at forward bia

It is noted that several spikes~associated with excited
impurity states! appear in the spectra under high bias
which becomes stronger with increasing bias. At low bias
the photoconductivity is due to the usual photon capture
the impurity states, wherelc of the response is determine
by the energy gapD. At high biases, under suitable dopin
concentration where the wave function of excited impur
states overlaps, the onset of hopping conduction is obse
due to the charge transport~by charge hopping! among ion-
ized dopant sites. The recombination process mainly disp
the capture of carriers by excited impurity states back
ground states, resulting in the longerlcs. The spike respons
positions are in good agreement with the theoretical ener
of transitions from the ground states to the first~2P0), sec-
ond ~3P0) and third~4P0) excited states~marked by arrows
in Fig. 2!.7 The lc is 48 mm at low biases, increasing t
around 91mm at a bias of 0.791 V. The level where th
signal reaches the noise level~standard deviation of the
curve! of the spectrum is determined aslc .8 The highest

FIG. 2. Spectral response ofp-Si HIWIP FIR detector measured at 4.2
under different forward~top positive! biasVb ~a! 0.377 V,~b! 0.539 V, and
~c! 0.791 V. A peak responsivity of 12.3 A/W is observed at 27.5mm in
curve ~c!. The spike responses are associated with excited impurity s
with the theoretical energy levels marked by arrows. The other minor
tures are due to the instrument response function against which the de
output was ratioed. The inset shows the dark currentI d vs Vb of the detector
at 4.2 K.
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responsivity obtained here is 12.360.1 A/W at 27.5mm ~in
the flat region!, and 20.860.1 A/W at 31.4mm ~in the spike
region!. Hopping conduction can be clearly seen in theI –V
data in the inset of Fig. 2, where the dark current increa
rapidly with bias above 0.75 V. Since this is independent
photon flux and can reduce the sensitivity of the detector,
discussion is limited to the results of the flat region of t
response and low bias case.

The current responsivity is given by

R5qhg/hn, ~1!

whereh is the quantum efficiency andg is the photoconduc-
tive gain. The effective quantum efficiency is a product
collection efficiency (hc , coming from absorption and dif
fusion of carriers! of holes flowing intoi region and barrier
tunneling probability (hb):

h5hc•hb . ~2!

The collection efficiency can be estimated by taking in
account the absorption in emitter layers and the trans
probability determined by the diffusion length. By assumi
a constant absorption coefficienta and a constant diffusion
length Ld ~typically 1000–2000 Å! for an emitter layer of
thicknessd with 2(N11! optical passes due toN-layer struc-
tures,hc can be written as:9

hc5$12exp@22~N11!ad#%exp~2d/Ld!

'2~N11!ad exp~2d/Ld!, ~3!

while the tunneling probability is given by assuming a tria
gular barrier:

hb5 expF2
4A2mh* ~DEv!3/2

3q\F
G , ~4!

wheremh* is the tunneling hole effective mass,DEv is the
offset of the valence band edge of thep1-i interface, andF
is the electric field across the intrinsic region. The peak
sorption coefficient can be obtained bya5Na•sp , where
sp is the peak photoionization cross section given by5

sp5
1

Aes

•

3.52310217

mdD
~cm2!. ~5!

Figure 3 shows the bias dependent peak quantum efficie
and gain producthg ~asterisks! at 27.5mm. The maximum
hg of the present detector is 0.56. It can be seen that

es
-
tor

FIG. 3. Bias dependence of the measured quantum efficiency and gain
uct hg ~* ! and detectivity~open circles!. The solid curve forhg gives the
calculated results. The inset shows theD vs the concentration estimated b
the TB model~solid curve!, and an experimental point indicated by a sol
circle.
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above model agrees well with the experimental results w
the following fitting parameters:DEv 5 2.55 meV andg 5
10.8.

Boron is a substitutional acceptor in silicon with an e
ergy level (EA) of 44.4 meV6 at low concentrations. How
ever, at higher doping concentrations,lc of the detector can
be controlled by the doping concentration, since the impu
band broadens with increasing the doping concentration
its peak density of state moves towards the valence b
rapidly.10 The dependence ofD on the concentration can b
estimated by the tight binding~TB! approach when the con
centration is below Mott transition value, as in the case h
by D 5 EA2BW, where BW is the band width.5 The valence
band shift due to band gap renormalization~less than 1.0
meV! can be neglected at T54.2 K. Above the Mott transi-
tion, D can be estimated by a modified high density~HD!
theory.9,10 The TB model, with the assumption of a rando
spatial ~Poisson’s! distribution of acceptors, gives the tot
impurity bandwidth5

BW52u,J~R!.u52E J~R!4pNaR2

3expS2 4

3
pNaR

3DdR, ~6!

where Na is the doping concentration,R is the nearest-
neighbor acceptor distance, andJ(R) is the energy transfe
integral given by

J~R!5
q2j

4pese0
~11jR!exp~2jR!, ~7!

where j5(1/aH)(EA /RH)1/2 with effective Bohr radius
aH50.53es/md and effective Rydberg energyRH 5 13.6md/
es

2 (es is the relative dielectric constant andmd is the effec-
tive density-of-state mass!. Using the parameters forp-Si in
Ref. 5, aD of 25.4 meV was obtained, corresponding to
IR detection threshold of about 48.8mm for thep-Si HIWIP
detector with a concentration of 231018 cm23. This is in
good agreement with the experimental result of 48mm as
seen in Fig. 2 and the inset of Fig. 3~25.8 meV!.

Using the measured responsivity, dark current and
gain g, we estimate the detectivityD* ~at 27.5mm! of the
p-Si HIWIP FIR detector, which is also shown in Fig. 3. Th
highestD* occurs at low biases, since the dark current
creases rapidly with the bias. However,D* also increases
slight with the bias due to the rapid increase of responsiv
and finally decreases again due to the onset of hopping
duction. The highest specific detectivityD* is 6.631010 cm
h
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AHz/W at 4.2 K under a bias of 10 mV. These prelimina
responsivity results~responsivity of 12.3 A/W andh of 5.2%
at 27.5mm shown in Figs. 2, 3! are comparable to the per
formance of 200mm Ge:Ga photoconductor operated at 3
K2 with a responsivity;5.2 A/W andh;7.7%. TheD can
be easily decreased by increasing the doping concentra
~see the inset in Fig. 3!, resulting in longerlcs. Furthermore,
lc can be arbitrary long with doping concentrations abo
Mott transition value, where the IR absorption is mainly
free carrier absorption. Based on the modeling results,5 the
strong free carrier absorption in silicon,11 our high perfor-
mancep-GaAs (lc5100 mm! HIWIP detector results,9 and
the present experimental results in Si, we believe that h
performance, tailorablelc Si FIR detectors~40–200mm!
can be realized using higher doping concentrations.

In summary, we have experimentally demonstrated
the first time the novel Si HIWIP FIR detector concept usi
MBE grown Sip1-i multilayer structure. Preliminary result
obtained are promising and show thatp-Si HIWIP detectors
with their unique features, have great potential to becom
competitor in FIR applications. Further work is under way
design and fabricate high doping concentration Si detec
and compare the experimental data with the modeling res
to improve the detector performance.
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