
   

Quantum dot infrared photodetector enhanced 
by surface plasma wave excitation 

S. C. Lee, S. Krishna, and S. R. J. Brueck,* 
Center for High Technology Materials and Department of Electrical and Computer Engineering, University of New 

Mexico, 1313 Goddard SE, Albuquerque, NM 87106 
*sclee@chtm.unm.edu 

Abstract: Up to a thirty-fold detectivity enhancement is achieved for an 
InAs quantum dot infrared photodetector (QDIP) by the excitation of 
surface plasma waves (SPWs) using a metal photonic crystal (MPC) 
integrated on top of the detector absorption region. The MPC is a 100 nm-
thick gold film perforated with a 3.6 μm period square array of circular 
holes. A bare QDIP shows a bias-tunable broadband response from ~ 6 to 
10 μm associated with the quantum confined Stark (QCS) effect. On the 
other hand, an MPC-integrated QDIP exhibits a dominant peak at 11.3 μm 
with a ~ 1 μm full width at half maximum and the highly enhanced 
detectivity at the bias polarity optimized for long wavelength. This is very 
different from the photoresponse of the bare QDIP but fully consistent with 
the direct coupling of the QDs in the detector absorption region to the 
SPWs excited at the MPC/detector interface by incident photons. The SPW 
resonance wavelength, λ, for the smallest coupling wavevector of the array 
in the MPC is close to 11.3 µm. The response also shows other SPW-
coupled peaks: a significant peak at 8.1 μm (~λ/√2) and noticeable peaks at 
5.8 μm (~λ/2) and 5.4 μm (~λ/√5) which correspond to higher-order 
coupling wavevectors. For the opposite bias, the MPC-integrated QDIP 
shows the highest response at 8.1 μm, providing a dramatic voltage 
tunability that is associated with QCS effect. SPWs propagate with TM (x, 
z) polarization along the MPC/detector interface. The enhanced detectivity 
is explained by these characteristics which increase both the effective 
absorption cross section with propagation and the interaction strength with 
TM polarization in the coupling to the QDs. Simulations show good 
qualitative agreement with the observed spectral behavior. 
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1. Introduction 

Recently, the optical properties of a thin metal film perforated by 2-dimensional (2D) hole 
arrays, a metal photonic crystal (MPC), and the role of surface plasma waves (SPWs) in the 
extraordinary optical transmission of this MPC have been studied extensively [1]. The SPW is 
bound to the metal/dielectric interface with an evanescent field that decays exponentially 
away from the interface. Resonances are observed when a wavevector of the array provides 
phase-matching between the incident photon and SPWs at either of the metal/dielectric 
interfaces. These interactions can be used to improve the performance of both optical emitters 
[2, 3] and detectors [4–8]. SPW-coupled detectors are expected to have a significant impact 
on infrared spectral imagery, which is increasingly important for many remote sensing 
problems including defeating camouflage [9], remote identification of chemical and 
biological compounds [10], and anomaly detection [11]. Such spectral imagery can take on 
many forms: two-color infrared imagery useful for applications such as locating recently 
disturbed earth [12, 13]; multispectral imagery where a small number of bands (usually 3 – 
15) are spread out across the total spectrum [14]; or hyperspectral imagery where a detailed 
spectral measurement is made at every pixel of a focal plane array (FPA) [9]. 

In this work, we probe the direct coupling of the SPW excited at the MPC/detector 
interface through its contribution to the photoresponse of a quantum dot infrared 
photodetector (QDIP) with an absorption region located within the transverse extent of the 
SPW. A dramatic, 30× increase in the photoresponse is found at the resonance wavelength of 
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the SPW coupling. The SPW response interacting with the quantum confined Stark (QCS) 
effect in the quantum dots (QDs) provides a unique spectral response tuning mechanism that 
offers a new and powerful, fully integrated approach to spectral sensitivity variation that is 
easily adaptable to large FPAs. 

2. MPC design 

Figure 1 shows an optical microscope image of an MPC-integrated device (a) along with a 
schematic cross sectional view of the sample structure (b). The MPC is a 100 nm-thick Au 
film perforated with a 3.6 µm period square array of circular holes having diameter of 1.65 ± 
0.05 µm. For a gold MPC having a hole period, p, integrated on a QDIP grown on a GaAs 
substrate, the SPW resonance wavelengths, λij, at the MPC/detector interface, are given as 
[15]: 

 
1/ 2

2 2
Re ,m d

ij
m d

p

i j

ε ε
λ

ε ε

⎧ ⎫⎡ ⎤⎪ ⎪= ⎨ ⎬⎢ ⎥++ ⎣ ⎦⎪ ⎪⎭⎩
 (1) 

where the integers, i and j, correspond to the orders of the 2D grating wavevector in the 
orthogonal spatial directions; εd = εd’ + εd” and εm = εm’ + iεm” are the dielectric constants of 
the QDIP material (including the intraband absorption) and the Au film at a given resonance 
wavelength [1]. The thickness of the MPC used in this work is considerably greater than the 
metal skin depth to avoid direct transmission [16]. For convenience, λ01 (= λ10), λ11, λ02 (= λ20), 
and λ12 (= λ21) are referred to as the resonance wavelengths of the SPWs excited at 
MPC/detector interface. For normal incidence, these resonance wavelengths are 
approximately given by: λ10 ~ ndp, λ11 ~ λ10/√2, λ02 ~ λ10/2, and λ12 ~ λ10/√5, where nd = √εd'. 
As seen below, the period of 3.6 μm was chosen to align the fundamental resonance (λ10) with 
the long wavelength edge of the QDIP response so that there would be a large response 
variation associated with the QCS bias dependence. 

 

Fig. 1. (a) Optical microscope images of the MPC device (left) and with 16× higher 
magnification revealing the details of the MPC (right). The period of the circular holes is 3.6 
µm. (b) A schematic cross sectional structure of the MPC device. 

3. QDIP growth and device fabrication 

The QDIP was grown on a semi-insulating GaAs(001) substrate by molecular beam epitaxy. 
As shown in Fig. 1(b), the MPC is integrated atop a QDIP with an absorption region 
consisting of 15 stacks of InAs QDs. Each QD stack buried in a undoped 11 nm-thick 
In0.15Ga0.85As quantum well (QW) has a dot density of ~ 3×1010 cm−2. For this structure, the 
ground state of the InAs QD relative to the conduction band of GaAs is approximately 250 
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meV [17]. The total thickness of the absorption region is 980 nm. A 10 nm-thick Cr film was 
deposited between the MPC and the QDIP to promote the adhesion of the Au film to the top 
GaAs layer. The device mesa size is 410 × 410 µm2 and the diameter of the detector aperture 
or the lateral dimension of the MPC is 300 µm. The vertical distance from the MPC/detector 
interface to the end of the absorption region is 1.2 µm. Figure 1(b) schematically shows a 
diagram with positive bias to the top contact at the MPC (This is arbitrarily referred to below 
as forward bias.). 

This MPC-integrated QDIP (MPC device) is compared with a reference QDIP without an 
MPC (reference device). Both devices were taken from a single die of the same wafer and 
therefore their intrinsic response and performance are assumed to be very similar. Standard 
photolithography and electron-beam metal deposition were employed for the fabrication of 
these devices and the MPC. 

4. Results 

The low temperature photoresponse (10K) was measured using a Nicolet 6700 Fourier 
transform infrared spectrometer and a Stanford Research Systems SR FFT 770 network 
analyzer. The bias applied to the devices was varied from −5 to 5 V. 

 

Fig. 2. (a) Spectral response curves of the reference device (two spectra at the bottom with the 
arrows indicating the highest peak in each spectrum) and the MPC device (other two spectra 
with higher responsivity) for −3.0 V and 3.4 V at 10 K. (b) Spectral response curves of the 3.6 
and 2.5 µm-period MPC devices for −4.0 V and 4.4 V at 10 K. Each spectrum was normalized 
by its highest peak intensity. Note that the spectra of the shorter period MPC device are offset 
for clarity. 

Figure 2(a) shows the spectral response of the MPC and reference devices at −3.0 and 3.4 
V, respectively. As indicated by the arrows in the figure, the reference device exhibits two 
rather broad and indistinct peaks for both −3.0 V (the strongest at 9.9 µm and a second at 7.3 
µm), and 3.4 V (the strongest at 9.2 µm and a second at 5.5 µm). This two color response 
agrees with previously reported data [18]. The peak shifts with applied voltage have been 
interpreted as a QCS effect [18]. On the other hand, the MPC device has four peaks at 
identical wavelengths but varying responsivity for both biases. The peak at 11.3 µm, which is 
much stronger than that of the reference device, is dominant for reverse bias while the peak at 
8.1 µm is more intense than any other peaks for forward bias. The two remaining peaks at 5.8 
and 5.4 µm are relatively weak. In Fig. 2(a), therefore, the MPC device has totally different 
voltage dependent spectral responsivity from the reference device in both peak wavelength 
and especially response intensity. 
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Fig. 3. (a) I-V characteristics, (b) responsivity, and (c) detectivity of the 3.6 μm-period MPC 
and the reference device at 10K. 

Figure 3(a) presents the I-V characteristics of two devices, where the MPC device exhibits 
a somewhat higher background current density than the reference device at the same bias. The 
current density of the MPC device at −3V is, for example, 7.2×10−5 A/cm2, greater than 
1.6×10−5 A/cm2 of the reference device at the same bias. The flat region between −2.0 and 2.5 
V is the noise floor of our instrumentation. 

Figure 3(b) and 3(c) are the plots of the responsivity and detectivity of the two devices 
versus bias. They were measured by an 800 K black body source with 800 Hz frequency 
chopping and the noise signal from a 293 K background with f/1 optics. As seen in Fig. 3(c), 
each device has a maximum detectivity at −3.0 V and 3.4 V, referred to as the peak voltages, 
Vp's. In Figs. 3(b) and (c), the responsivity and detectivity of the reference device are slightly 
asymmetric with respect to zero bias. They are 0.014 and 0.016 A/W and 1.5×108 and 3.7×108 
cmHz1/2/W at reverse and forward Vp, respectively [19,20]. On the other hand, these 
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parameters are larger by over an order of magnitude for the MPC device. Also, this device has 
an asymmetric dependence on bias, as observed in Figs. 3(b) and 3(c). The responsivities of 
the MPC device at reverse and forward Vp correspond to 0.23 and 0.18 A/W. The highest 
detectivities of the MPC device are 4.4×109 and 7.2×109 cmHz1/2/W for reverse and forward 
Vp respectively. For these biases, the detectivity ratios of the MPC to the reference device are 
29 (reverse Vp) and 19 (forward Vp). This is a remarkable enhancement in detectivity. For a 
bias higher than the turn-on voltage ~ ± 2 V, the detectivity ratio roughly ranges from 20 to 
30. The slight asymmetric I-V of Fig. 2(a) which is partly due to the asymmetric 3-
dimensional shape of the QDs is reflected in the responsivity and as a result in the lower 
detectivity ratio (= 19) of the MPC device for forward bias. The measured data are 
summarized in Table 1. 

Table 1 Summary of measurement and modeling. 

 Bias 
(V) Device λ01 

(µm) 
λ11 

(µm) 
λ02 

(µm) 
λ12 

(µm) 
Responsivity 

(A/W) 
Detectivity 

(×109 cmHz1/2/W) 

Experiment 
−3.0 MPC 11.3 8.1 5.8 5.4 0.23 4.4 

Reference Highest at 9.9 µm 0.014 0.15 

3.4 MPC 11.3 8.1 5.8 5.4 0.18 7.2 
Reference Highest at 9.2 µm 0.016 0.37 

Theory 
(µm) 

λij from RCWA 11.7 8.3 5.7 5.3 
δsp at λij 14.1 7.2 3.7 3.2 

Lsp at λij with 
QD absorption 

none 1470 740 380 330 
2% 27.5 ± 0.5 
10% 5.1 

5. Discussion 

As shown in Fig. 4(a), the resonance wavelengths of Eq. (1) associated with the 
MPC/detector interface are identified from the normal-incidence spectral absorption (= 1 - R - 
T, where R and T are reflection and transmission respectively), simulated by rigorous coupled 
wave analysis (RCWA) [21]. They are 11.7, 8.3, 5.7, 5.3 µm for λ01, λ11, λ02, and λ12, 
respectively [22]. Both calculated and measured λij's are summarized in Table 1. Together 
with the spectral response from the MPC device examined earlier, Fig. 2(b) also presents the 
responses for the two bias polarities from the same type QDIP but integrated with an MPC 
having a shorter period of 2.5 µm. The resulting device consistently has a similar enhanced 
performance. Because of the shorter period, the resonance wavelengths calculated from 
RCWA shift to λ01 = 8.3 and λ11 = 5.6 µm. As seen in Fig. 2(b), the measurements from this 
device coincide with these calculated wavelengths and support the peak identifications shown 
in Fig. 4(a). 

If the enhancement of the photoresponse of the MPC device shown in Fig. 2(a) is caused 
by the direct coupling of the QDs in the detector absorption region to SPW excitation at those 
resonance wavelengths (SPW-QD coupling), the strength of the evanescent field associated 
with the SPWs at the MPC/detector interface should be correlated to the enhanced detectivity. 
Then, the photoresponse of the MPC device coupled to this field can be estimated from that 
of the reference device weighted by the calculated absorption in Fig. 4(a). The results of this 
evaluation are shown in Fig. 4(b). The actual measurement is taken at ~f/4, and the variation 
in the angle of incidence will broaden the response from the very narrow peaks calculated for 
normal incidence. As mentioned above, the peak shift in the photoresponse of a QDIP with 
bias polarity has been explained by the QCS effect. However, the resonance wavelengths of 
the SPWs excited at MPC/detector interface are not affected by the bias. This is consistent 
with Fig. 2(a) and Table 1; the resonance wavelengths are independent of bias polarity. On 
the contrary, the original photoresponse of a QDIP does vary with voltage because of the 
QCS effect, explaining the different coupling strength at the same λij as the polarity of the bias 
is changed. The absorption-weighted photoresponse of the reference device shown in Fig. 
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4(b) reveals peak intensities consistent with the experimental results shown in Fig. 2(a). 
Except for line broadening, the theoretical photoresponse agrees with the experimental data in 
both resonance wavelength and corresponding relative intensity for given biases, as seen in 
Figs. 2(a), 4(b), and Table 1. 

 

Fig. 4. (a) Calculated normal-incidence absorption spectrum (= 1- R - T with reflection, R, and 
transmission, T) from a RCWA simulation for the MPC. (b) Spectral response curves of the 
reference device in Fig. 2(a) weighted by the SPW coupling from the RCWA simulation in (a). 
See the text for details. (c) A schematic illustration for the model proposed in this work (not 
scaled). The top illustration is the cross section view of a QDIP with no MPC and the bottom is 
that of the same QDIP with an MPC. Only two QD stacks are shown for clarity. (d) A plot of 
propagation length (Lsp) as a function of the QD absorption. The four wavelengths in this plot 
correspond to the SPW resonance wavelengths in Table 1. The two vertical dashed lines 
indicate ~2% (left) absorption (measured for a single transit through the active region) and the 
5 × enhanced absorption (right) estimated for TM polarization. See the text for details. 

As summarized in Table 1, both responsivity and detectivity are dramatically enhanced by 
the integration of an MPC on a QDIP. The physics leading to this observation is 
schematically illustrated in Fig. 4(c). SPWs propagate along the MPC/detector interface with 
a propagation length, Lsp. Then, the absorption cross section of the QDs can be effectively 
increased by SPW propagation. Also, SPWs include an electric-field polarization component 
normal to the interface (Ez-directed). In contrast, for the reference device, incident photons 
propagate normal to the QD stacks and across only the 980 nm-thick absorption region of Fig. 
1(b) with a polarization parallel to the top surface (e. g. Ex–directed). Similar to the 
polarization dependence of QW absorption, the Ez-directed field is more efficient than the Ex–
directed field in interacting with the QDs of Fig. 4(c) [23,24]. The photoresponse of the MPC 
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device is enhanced as a result of the propagation and Ez-directed field (TM-polarization) of 
SPWs. 

The measured, normal-incidence absorption through a bare QDIP material of Fig. 1(b) is 
roughly 2% around 10 μm. This QD absorption must be considered in Lsp and the transverse 
penetration depth into the detector of the evanescent field associated with SPWs, δsp, since, as 
seen below, the detector absorption region is within δsp from the MPC/detector interface. 
These lengths can be easily derived by expanding the well-known expressions of the 
wavevector at a unpatterned metal/dielectric interface, ( )2 ,sp

x m d m dk π λ ε ε ε ε= +  and 

( )22sp
z d m dk π λ ε ε ε= − +  under the assumptions |εm’| >> εd’, εm” and εd’ >> εd” [15,22]: 

 

( )

' '

' 2" ' " '

' ' 2'

1~ and ~ .
2

1

m d
sp sp

dd d m d

d m m

L
ε ελ λδ

π π εε ε ε ε
ε ε ε

+
−⎛ ⎞

− +⎜ ⎟
⎝ ⎠

 (2) 

Here, λ is wavelength and corresponds to λij of Eq. (1) at each SPW mode. The resonance 
wavelengths are not strongly dependent on the loss for εd” << εd’. As seen in Eq. (2), δsp is 
independent of εd” and εm’ to the lowest order. However, Lsp is affected by the loss in both the 
metal and the dielectric. Figure 4(d) presents the Lsp of Eq. (2), estimated for an Au/GaAs 
interface at the wavelengths of interest in this work, as a function of absorption which 
includes the loss in the QD stacks under the interface. In this figure, Lsp decreases with 
increasing absorption by the QD stacks and becomes ~ 30 µm at 2% absorption. Without the 
QD absorption, Lsp is ~ 1 mm at these wavelengths. This implies that the QD absorption 
dominates in SPW propagation compared with the impact of the metal absorption. The Lsp's 
and δsp's at all λij's calculated from Eq. (2) under these conditions are summarized in Table 1. 
While δsp depends on λij, Lsp is almost independent of it. For all of the wavelengths of interest, 
δsp in Table 1 is larger than the thickness of the detector absorption region (~ 1 µm), so that 
the SPWs effectively interact with the entire QD stacks shown in Fig. 1(b). In Fig. 4(d) and 
Table 1, Lsp is dominated by the QDIP absorption and is not in the mm range as it would be 
for a lossless dielectric but is still considerably greater than the thickness of the absorption 
region. Thus, an estimate of ~ 5 × enhanced interaction strength of the QDs with the TM-
polarized SPWs [23, 24] and the increased effective absorption cross section of the QDs by 
propagating SPWs with Lsp ~ 5 - 30 μm along the MPC/detector interface can explain the 
dramatic enhancement of the QDIP performance with the integration of an MPC. The actual 
change of the interaction strength with polarization varies with the details of the QD structure. 
The optical properties of an MPC are essentially independent of temperature. The results of 
the SPW-QD coupling would be similar for higher temperature operation, allowing for the 
bandgap shifts and increased noise of a QDIP with temperature. 

The RCWA simulation provides the SPW excitation for an ideal MPC structure. A small 
variation of parameters such as the diameter and the precise shape of each hole results in 
relatively weak, multiple absorption peaks associated in particular with the higher energy 
resonances, e.g. for wavelengths shorter than λ11. These could be localized SPWs, associated 
with individual holes. In the experiment, however, these features are not resolved as a result 
of inhomogeneity of the sample structure, for example, hole diameter fluctuation, and 
experimental inhomogeneity associated with the range of incident angles in the experiment. A 
good example of such a feature is the sharp spike on the right of the SPW at λ12 in Fig. 4(a) 
which is absent in the measurement of Fig. 2(a). Further study is required for better 
understanding of the enhancement mechanism observed from a QDIP integrated with an 
MPC. 

As seen in Figs. 2(a) and 2(b), the bias-dependent responsivity produces a dramatic 
change in the spectral photoresponse of the MPC device when it is convolved with the SPW 
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resonances. For the 2.5 µm-period device of Fig. 2(b), the photoresponse at λ01 is dominant 
for forward bias and comparable to that at λ11 for reverse bias, unlike the 3.6 µm-period MPC 
device. This can be also explained by the interaction of the SPW resonances with QCS effect 
and pattern shape. In reverse bias, the device functions as a narrow band (< 1 µm), two-color 
photodetector with a clear extension of working wavelength to ~ 5 µm. Depending on the 
period of the MPC, therefore, multi-color detection over the wide wavelength span is 
available by the integration of an MPC on a QDIP. Furthermore, a great deal of flexibility in 
the spectral and polarization response will be possible with additional subtlety in the design of 
the MPC. This provides entirely new degrees of freedom in designing individual detectors 
and FPAs. 

Generally, the dots-in-a-well photodetector shown in Fig. 1 has a multi-color response 
since there are several absorption mechanisms: intersubband within a dot, dot-to-well and 
dot-to-continuum. In addition, the QCS effect provides tunability within these bands. An 
MPC-integrated QDIP adds yet another adjustable, and polarization-dependent, spectral 
selection mechanism. The interaction between the SPW resonances and the QCS tuning 
allows various spectral responses for a given detector. By choosing the spatial period to locate 
the two lowest order SPW resonance wavelengths, λ01 and λ11, on opposite sides of the 
dominant photoresponse peak, as seen in Fig. 2(a), the MPC can provide widely tunable 
functionality to a QDIP with a switch for color selection by reversing the bias. Additional 
flexibility is possible with multiple array periods (Moiré patterns), and by adjusting the 
shapes of the individual features (for example slits rather than the simple holes in this first 
demonstration) offering the possibility of fully customizable wavelength and polarization 
response. 

6. Conclusion 

A dramatic thirtyfold detectivity enhancement by the direct coupling of SPWs to QDs has 
been demonstrated in an InAs QDIP with the integration of an MPC. A 100-nm-thick gold 
MPC perforated with a 3.6-µm-period square array of circular holes couples to SPWs at 11.3 
and 8.1 µm where the MPC-integrated QDIP exhibits the strongest detectivity peak for 
reverse and forward bias respectively. A model based on the SPW propagation parallel to the 
MPC/detector interface is proposed to explain this extraordinary enhancement. SPWs 
propagate along the MPC/detector interface parallel to the QD stacks, with a TM-polarized (x, 
z) evanescent field extending into the detector absorption region. This increases both the 
interaction length compared with a single transit across a QDIP, and the absorption strength 
as a result of the polarization dependence of the QDs which favors z-directed electric fields. 
This SPW-QD coupling by the MPC integration contributes to the photocurrent providing a 
significantly enhanced detectivity and ultimately leads to high performance, spectrally 
selective QDIPs. 
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