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Abstract

:

We report on the near-infrared (NIR) photoresponse of a micropatterned Ge/Si quantum dot (QD) pin photodiode at different angles of radiation incidence. The photon-trapping hole array was etched through the n+-type top contact layer to reach the buried QDs. The normal-incidence responsivity was observed to be resonantly increased at wavelengths of 1.4, 1.7, and 1.9  μ m by factors of 40, 33, and 30, respectively, compared with the reference detector without holes. As the incident angle  θ  increases, the resonance peaks are disappeared and at   θ >  40 ∘    a new resonance with a   25 ×   enhancement arises at a wavelength of 1.8  μ m. Simulation of the near-field intensity, Poynting vector distribution and wave polarization showed that at small  θ , the strong electric field is primarily localized under the air holes (1.4  μ m, TM mode) or between the holes (1.7 and 1.9  μ m, TE modes) inside the region occupied by QDs, resulting in the strong NIR photocurrent. At large  θ , the dominant resonance detected at 1.8  μ m is the result of coupling between the TE and TM modes and formation of a mixed near-field state.






Keywords:


quantum dots; near-infrared photodetection; photon-trapping microstructures; telecom












1. Introduction


Photodetectors are optoelectronic devices with the ability to convert incident electromagnetic radiation into electric signals for further processing. Some recent progress towards height efficiency photodetectors can be found in [1,2,3]. Infrared (IR) photodetectors with low-dimensional nanostructures are widely used in applications, such as transmitting information, high-resolution imaging, atmospheric remote sensing, etc. [4,5,6,7,8,9]. Group-IV Ge/Si heterostructures can be monolithically integrated into silicon electronic chips providing a low cost and CMOS compatible photonics platform [10,11,12,13]. Nanostructured semiconductors based on assemblies of Ge/Si quantum dots (QDs) offer new opportunities for the development of costless and high-level integration infrared photodetectors. Among the various designs, Ge/Si QD photodiodes integrated with photon-trapping hole array structures are highlighted. However, Ge/Si QD IR photodetectors (QDIPs) are not used traditionally due to its weak absorption coefficient caused by low density of states associated with QDs [14,15,16,17], spatial separation of the charge carriers by the heterointerface [18,19,20,21] and comparatively large effective mass. Furthermore, although recently there has been significant progress in the development of approaches to the creation of high-performance QDIPs, it still needs to make further improvements. Recent works have shown that using all-dielectric photon-trapping hole array structures could be regarded as an effective approach to enhance the performance of Si-based photodiodes with a thin absorption region due to light trapping and excitation of in-plane guiding modes [22,23,24,25,26,27,28,29].



Vertical Ge/Si QD pin photodiodes grown on a silicon-on-insulator (SOI) substrate and integrated with photon-trapping hole arrays have been demonstrated in [30,31]. By micropatterning QDIPs, we managed to redirect normal incident light laterally along the planes of the dots. The research results demonstrated that this approach can realize the peak photoresponse of the Ge/Si QDIPs in the NIR wavelength range and yield up to   ( 30 – 50 ) ×   enhanced responsivity than that without the microhole structure. Light trapping due to excitation of in-plane propagating modes and reduced reflection is a major cause of the photocurrent enhancement [31]. Usually, the studies of light-trapping-enhanced photodetection are restricted to normal incidence and little is known about the dependence of the detector performance on the incident angle of the light source. However, it could be very useful in many applications, such as high response angle-sensing photodetection, solar energy conversion, laser beacon tracking, lensless imaging, etc. [32,33,34,35,36,37]. In the present work, we study the angular-dependent photodetection in Ge/Si QDIPs contaning microhole arrays on their surface. We found that the responsivity enhancement spectra strongly depend on the angle of incidence, indicating the angle selective behavior of the device.




2. Materials and Methods


A schematic of our QD pin photodiode with array of holes is shown in Figure 1a. A detailed description of the electronic structure of Ge/Si QDs and the growth conditions, such as growth temperature and growth rate has been reported earlier [21,30]. A brief overview of the QDIP fabrication is summarized as below:



The QDIP sample was grown on a (001)-oriented SOI wafer with a 110 nm top silicon film and 2  μ m buried silicon oxide using a Riber SIVA-21 molecular beam epitaxy system. A 200 nm B-doped p-type Si bottom contact layer (  5 ×  10 18    cm    − 3   ) is first fabricated, followed by the growth of a 200 nm undoped Si buffer layer. Ten layers Ge QD active region was then grown. QDs have a hut-like shape with a lateral size of 10 nm and a height of about 1 nm. The surface density of QDs is   5 ×  10 11    cm    − 2   . A 10 nm Si barrier layer was grown between two adjacent QD layers. The structure was cover by a 200 nm top Si buffer layer, followed by the Sb doped 50 nm thick n   +   top contacting layer (∼  10 19   cm    − 3   ).



After the growth, the photon-trapping hole array with a square lattice symmetry was fabricated on top of the diode by electron-beam lithography and reactive ion etching of Si layers through a metallic mask. The array period is 1300 nm with 850 nm circular etched holes. Note that the dimensions of QDs are many orders of magnitude smaller than the hole diameter and period. The scanning electron microscopy (SEM) image of the sample is shown in Figure 1b. The holes were etched to 250 nm depth to reach the buried QD layers. The selected depth corresponds to the one at which the maximum responsivity enhancement was previously observed [31]. Microholes promote lateral propogating modes. By changing the depth of the hole, it is possible to change the vertical position of the maximum intensity of the lateral modes through the detector. The use of a light-trapping structure with holes passing through the QD absorber is advantageous for optical field confinement within the QD active region, but at the expense of reducing the number of QDs, which leads to less absorption. The optimum hole depth appears as a result of trade-off between the amount of absorbing QD layers remaining after etching of holes and enhanced light intensity in the region of QDs due to generation of guiding collective modes [31]. The light-trapping structure has covered about 70% of the light absorption area. A control sample without holes was also fabricated for the comparison of device performance. Its photocurrent was used as a reference with that of a patterned device. Both flat and microstructured samples were taken from a single die of the same wafer right next to each other. Discrete devices were fabricated by standard processing technique. The diode structure was a 700  μ m diameter circular mesa with a 500  μ m diameter open aperture and AuTi contact rings.



The photodiode response was characterized at room temperature using a Bruker Vertex 70 Fourier spectrometer with a spectral resolution of 30 cm    − 1    along and a Stanford Research SR570 low-noise current. A halogen lamp was used as a source of radiation. The photocurrent spectra were calibrated with a deuterated L-alanine doped triglycine sulfate detector. The responsivity was determined by illuminating the samples with the InGaAsP LEDs (Roithner Laser Technik), which were emitting at 1.3 and 1.55  μ m. The samples under test are reverse-biased at   U = 0   to 2.5 V and the wavelength of the incident light was varied from 0.8 to 2.3  μ m. Angular photoresponse characterization was used to obtain insights into the optical resonant features. For this purpose, we shed the globar light to the top of the device at a fixed position with the device varied at different incident angles by using the electronically controlled rotational platform. The light was linearly polarized orthogonal to the axis of rotation (Figure 1c). The incidence angle was varied from   θ =  0 ∘    to   60 ∘   with the accuracy of   1 ∘  .




3. Results and Discussion


Figure 2 depicts the measured normal-incidence (  θ =  0 ∘   ) responsivity spectra of the detectors with and without photon-trapping holes with different reverse bias voltages. The responsivity of both devices rapidly increases with the bias voltage and saturates at   U ≥ 1   V. The weak dependence of the photocurrent on the bias indicates efficient collection of photogenerated carries. The spectral response of the unpatterned detector without a texture pit is undulating. The light in the detector active region experiences a strong reflection at air/Si and Si/SiO   2   interfaces of the SOI substrate, creating a resonant cavity. Large responsivity oscillations observed on the spectra of the control detector is a result of the strong vertical Fabry–Pérot resonances due to interference of the waves reflected at these interfaces [31,38]. The micropatterned QDIP with a textured surface has much weaker vertical resonances, which suggests a successful transformation of the initial incident vertical plane wave into an ensemble of modes propagating in the lateral direction. Waveguiding of the light enlarges the effective optical interaction length and results in photocurrent enhancement. We define the photocurrent enhancement ratio K as follows


  K =   I  P T    I  r e f    ,  



(1)




where   I  P T    is the photocurrent of the photon-trapping QDIP and   I  r e f    is the photocurrent of the control sample with a flat surface. The photocurrent enhancement at 2 V is plotted in Figure 3. Compared with the conventional QDIP without holes, the responsivity of phonon-trapping detector has a broadband   ( 10 – 15 ) ×   oscillating improvement, which allows the operation wavelength extended to about 2.0  μ m with the responsivity of about 10 mA/W. Similar broadband absorption enhancement has been previously observed in high-speed Si-based and InAsSb-GaSb photodetectors [23,24,25,26,27,28,29,39] and attributed to the generation of the waves with the Poynting vector directed horizontally from the holes into adjacent semiconductor material. Photons are diffracted by the micropatterned surface and maintain in-plane momentum by waveguiding between the buried reflecting oxide layer and the air–Si surface [38].



In addition to a wide enhancement band, the sharp peaks with the amplitude of of 40, 33, and 30 are found at wavelengths of 1.4, 1.7, and 1.9  μ m, respectively. An external quantum efficiency ( η ) can be calculated using the relation


  η =   h c  e   R λ  ,  



(2)




in which h, c, R, e, and  λ  are the Plank constant, light velocity, elementary charge, and illumination wavelength, respectively. At   U ≥ 1   V, the quantum efficiency of the light-trapping detector was found to be 6.7, 0.96, and 0.52% at peak wavelength   λ = 1.4  , 1.7, and 1.9  μ m, respectively. Since the resonance enhancement maxima occur at   λ > p  , where   p = 1.3    μ m is the period of the hole array, one can suppose that a series of resonant features corresponds to the excitation of the Bloch modes of the photonic crystal [22,40,41,42,43].



To clarify the character of electromagnetic excitations responsible for an increase in the photocurrent, we analyzed the spatial distribution of the near field components and Poynting vectors in the QDIP shown in Figure 1. The method of the calculation is similar to that reported in [30,44]. The electromagnetic field appearing in the PC was simulated by the finite element method with the Comsol Multiphysics simulation software. To exclude non-physical reflections of a light wave, perfect matched layer boundary conditions were used on the upper and lower boundaries of the domain. The polarization of incident radiation was chosen circular or linear. Figure 3 shows the integrated near-field intensity over the QD active region, i.e.,    ∫ V    | E |  2  d V  , where V indicates volume integral over the QD region. One can find that the spectrum of    ∫ V    | E |  2  d V   closely resembles the enhancement factor spectrum. The experimental photocurrent enhancement in Figure 3 shows a broader spectral width than the simulated peaks. This might be due both to the scattering of photo-excited charge carriers by the fluctuating potential of charged walls of holes and to the fluctuations of the sizes, shapes, and period of the holes.



Figure 4 demonstrates that the periodic hole array acts like a conventional grating coupler and supports a set of modes in both vertical and lateral directions. The lateral waves represent the guided resonance modes [22]. They travel exactly along the QD layers and can efficiency interact with the dots and increase the QDIP photoresponse. At the wavelength of 1.4  μ m, the dominant field component is in-plane   E x   component concentrated both under the holes and between the holes. The 1.4  μ m-wavelength resonance polarized perpendicular to the axis of the holes corresponds to the TM mode of the photonic crystal [45]. At longer wavelengths, the vertical   E z   field component primarily localized between the holes becomes a dominant component of the guided modes. Therefore, the long-wave (1.7 and 1.9  μ m) resonances with the electric field vector parallel to the hole axis can be classified as the TE modes [45].



Figure 5 shows the responsivity enhancement spectra of the light-trapping enhanced QDIP at different plane wave incident angles. The broadband oscillating background does not depends on light incident angle. Like the resonance peaks found in the responsivity of resonant-cavity-enhanced detectors [32], the peak photoresponse of the light-trapping QDIP is very sensitive to  θ . With  θ  increasing, the resonant features becomes less pronounced and disappeared at   θ ≃  10 ∘   . At   θ >  40 ∘   , a new resonance with a   25 ×   enhancement emerges at a wavelength of 1.8  μ m. Figure 6 plots the simulated near field components distribution at   θ =  60 ∘    at excitation wavelengths of 1.4 and 1.8  μ m. In agreement with the experimental observation, the optical field at 1.4  μ m and at large  θ  is very weak. The dominant resonance with high field components    |   E x   |    and    |   E z   |    comparable in intensity is excited at 1.8  μ m. The   E x   field component is mainly localized under the hole, whereas   E z   is concentrated around the hole. The Poynting vector is directed laterally, which means that the NIR light spread in the lateral direction and then remains confined in Ge/Si QD layers until it becomes absorbed by the dots. Since both the x- and z-polarized waves are present, we may conclude that the resonance detected at 1.8  μ m is a result of coupling between the TE and TM modes and formation of a mixed near-field state.




4. Conclusions


In summary, we study the angular-dependent photodetection in a Ge/Si QDIP containing microhole arrays on its surface. The light-trapping holes enhance the absorption of Ge quantum dots and extend the operational wavelength of the photodiode to 2  μ m with the responsivity of about 10 mA/W. This represents   ( 30 – 40 )   fold increased efficiency compared to conventional flat QDIP without holes. The enhancement spectrum consists of both the broad band and the resonance peaks. We found that the resonance features strongly depend on the angle of incidence, indicating the angle-selective behavior of the device.
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Figure 1. (a) A cross sectional view of a pin QDIP photodiode on a SOI wafer with the holes on its surface. (b) Tilted view SEM image of the 2D hole array (photon-trapping structure). The hole diameter is 850 nm and lattice periodicity is 1300 nm. The hole depth is 250 nm. (c) The geometry of the angular-resolved experiments. 
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Figure 2. Plots of responsivity vs. wavelength of the Ge/Si QDIPs (a) without and (b) with photon-trapping hole array at different reverse bias. The spectra were measured at normal incident non-polarized radiation. 
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Figure 3. Spectral characteristics of (left scale) the measured photocurrent enhancement and (right scale) the calculated integrated intensity of the near field over the QD active region at normal incident radiation. The hole depth is 250 nm. 
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Figure 4. Color maps of the spatial distribution of the near-field components    |   E x   |    and    |   E z   |    and the Poynting vectors at resonant wavelengths in the   ( x , y )   plane in a micropatterned photodetector. The hole array parameters are   d = 850   nm (hole diameter) and   p = 1300   nm (hole period). The hole depth is 250 nm. The data were taken at the distance of 300 nm below the device surface. i.e., in the middle of the QD active region. The dashed lines indicate the boundaries of the holes. The arrows represent the energy flux direction. The structure was illuminated at   θ =  0 ∘    from the front side with a plane-wave light polarized in the x direction. 
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Figure 5. Responsivity enhancement ratio spectra as a function of incident angle at (a) small and (b) large  θ  for light polarized orthogonal to the axis of rotation. The spectra are vertically offset by 10 units. 
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Figure 6. Simulated lateral distribution maps of the electric field components    |   E x   |    and    |   E z   |    and the Poynting vector in the   ( x , y )   plane at   λ = 1.4   and 1.8  μ m. The data were taken at the distance of 300 nm below the device surface. i.e., in the middle of the QD active region. The dashed lines indicate the boundaries of the holes. The structure was illuminated at   θ =  60 ∘    from the front side with a plane-wave light polarized in the x direction. 
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