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Abstract

Two types of diodes designed for infrared applications were fabricated

from SiGe/Si films grown using ultra high vacuum chemical vapor deposition.

The first diode described is a PIN type design, where the I region is comprised of

undoped Sil_xGex/Si multiple quantum wells. Photoluminescence and defect

etching were used to assess the quality of the quantum well films, and

electroluminescence and photoconductivity measurements performed to evaluate

the emission and detection properties of the diodes in the near infrared. The

second diode makes use of the heterojunction internal photoemission principle

for detection of IR radiation in the 3-10um range. The active region is a heavily

doped p type SiGe layer, and the barrier for photoemission is the valence band

splitting between Si and strained SiGe. Several experiments are described, with

one experiment yielding devices for which photoresponse was measured.



Introduction

The growth of strained SixGel-x films on Si substrates has led to

considerable research on the application of band gap engineering concepts

using silicon based devices.. The SiGe/Si semiconductor system may prove

commercially interesting by allowing the integration of more novel structures

with standard silicon technology. In this paper I will discuss two types of diodes

designed for infrared applications fabricated from SiGe/Si films grown using the

ultra high vacuum chemical vapor deposition (UHVCVD) system at CMU. The

general properties of the SiGe/Si system and the basic principles of growth of

SiGe by UHVCVD are briefly introduced. The first diode described is a PIN type

design, which was evaluated both as an emitter and a detector of IR radiation in

the 1-1.5um range. The second diode makes use of the heterojunction internal

photoemission (HIP) principle for detection of IR radiation in the 3-10um range.

Background

Because of the lattice mismatch between Ge and Si, there is a limit to the

thickness (known as the critical thickness tc) to which strained SiGe layers can

be grown. Figure l a shows critical thickness as a function of germanium

fraction or lattice mismatch [1]. By using a low temperature growth technique

such as UHVCVD, it is possible to achieve thicknesses beyond the equilibrium

strain limit without significant formation of misfit dislocations. This metastable

strain does, however, place a thermal restraint on subsequent processing steps.

Figure lb shows the minimum band gap as a function of Ge fraction for various

strain configurations [1]. The bottom curve describing strained SiGe on

unstrained Si (100) is relevant to the diodes presented in this report.

Solid source MBE, gas source MBE, and a variety of CVD techniques

have been used to grow SiGe films. The UHVCVD growth system at CMU uses



silane and germane as the reaction gasses for SiGe layers. By varying the flow

ratio of germane to silane, alloys of various concentrations can be obtained.

Only p type dopant was required for growth of the diodes in this study; diborane

was the gas source used for boron doping. The details of the growth system are

described in [2]. All growths in this study were performed at temperatures equal

to 600 degrees C and pressures of roughly 1 mT.

PIN Diode

PIN diodes were fabricated from GexSil-x/Si multiple quantum wells of

various germanium fractions and well thicknesses grown on n type silicon

substrates. Figure 2a shows a cross section of the layers involved. A 300

angstrom silicon capping layer with boron concentration of 3 x 1018 comprises

the p region; the quantum wells and buffer, which were not intentionally doped,

make up the i region; the substrate (0.1-2 ohm cm) is the n region.

Theory

To understand how these devices work, I will first discuss a single

quantum well with the assistance of figure 2b. The band alignment for strained

SiGe on Si is type 1, with the difference in bandgap split approximately 90% in

the valence band and 10% in the conduction band. This band alignment

establishes a potential well in the valence band, and we can use the simple 1-D

square well model to locate the first bound state. Since the well in the

conduction band is small in comparison, we choose to ignore any quantum

confinement effects in the conduction band. The energy difference between the

bottom of the SiGe conduction band and the first bound state for holes is

labeled E0. The no phonon energy Enp is equal to:



Enp = E0 - Eex - Ebw

where Eex represents the exciton binding energy and Ebw represents the

energy binding the exciton to a center within the well.

When electron and hole pairs are created within the well --for example,

by bombarding the semiconductor with a laser (photoluminescence) or injecting

a current of electrons and holes (electroluminescence)-- these carriers

recombine to produce infrared radiation at Enp. Since germanium and silicon

are both indirect semiconductors, phonon assisted recombination of electrons

and holes also occurs which produces IR radiation at energies slightly lower

than Enp. During absorption, incident infrared photons create electron hole

pairs within the semiconductor. To first order, the minimum detectable photon

energy is Enp. By varying Ge fraction and well thickness appropriately, it is

possible to tailor the value of Enp for specific applications. In order to achieve

measurable emission and absorption, it is necessary to combine the effects of

multiple quantum wells. To ensure that this quantum well stack remains

strained, both the thickness and germanium fraction of an individual well, as

well as the thickness and average germanium fraction of the entire stack, must

not exceed the metastable strain limits given in figure 1.

Figures 3a and 3b use band diagrams to depict the processes which

occur in the PIN diodes to emit and detect IR radiation. In electroluminescence,

the diodes are forward biased, and the injected holes and electrons recombine

to emit light. In photodetection, incident photons generate electron/hole pairs,

which are separated by the built in field. By shorting together the P and N

regions, a current flows in the circuit which is proportional to the number of

photons absorbed by the semiconductor.
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Fabrication

Figure 4 highlights the processing steps involved in fabricating the PIN

diodes. Plasma oxide and positive photoresist were deposited on top of the

film. The photoresist layer was developed into patterns which served as masks

to define plasma oxide regions, which in turn served as masks to pattern the

SiGe film into square mesas 5.08 x 10-2 cm on a side. The etchants used for

the various layers are described in figure 4. After removing the plasma oxide, a

new plasma oxide layer was deposited, through which a contact window was

etched on the periphery of the mesas. Aluminum was then deposited and

patterned via photoresist into contacts to the p region. Aluminum was also

sputtered on the back side, providing contact to the n substrate. Since each

photoresist patterning step requires one mask, the entire process requires three

separate masks. A device cross-section and the lateral dimensions of the

various layers are shown in figures 5a and 5b.

Experiment

Table 1 lists the germanium fractions and well thicknesses of the

samples grown in this study. In all cases, the silicon barriers were 150

angstroms in thickness, and a total of twenty wells were grown. Films were

grown on both n type (0.1-2 ohm cm) and p type (10-20 ohm cm) 3" diameter

silicon substrates, with two or three wafers used per growth.

Photoluminescence measurements were typically performed on films grown on

p type material, while the n type wafers were fabricated into diodes for

electroluminescence and photoconductivity measurements.

X-ray diffraction measurements obtained from a Rigaku theta/ theta

diffractometer were used to measure the well thickness. A typical spectrum is

shown in figure 6. The angle differences separating the substrate and satellite
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peaks can be used to calculate the period and average germanium fractions of

the multiple quantum well structures [3]. As the germanium fraction in the well is

known to reasonable accuracy based on the flow rate ratio of silane to

germane, actual well thicknesses can be computed from the X-ray data. These

computed values are in good agreement with the intended values and are listed

in table 1.

Defect etching was performed by immersing the samples in SECCO etch

for 30 seconds while continually stirring the etching solution. The defects were

revealed by viewing the etched samples under a microscope with darkfield

illumination. Figure 7 contains a photograph of typical defect patterns

generated by etching. The samples were ranked on relative scale from least

defective to most defective, and the rankings are given in table 1.

Photoluminescence spectra were recorded at temperatures ranging from

4.2 to 100K using the 488 nm line of an argon ion laser as the excitation source,

with typical laser power settings of 50mW. The emitted luminescence was

directed onto the entrance slit of a Spex 1404 spectrometer and detected using

a North Coast germanium detector. Electroluminescence spectra were

recorded at 77K for forward biased PIN diodes immersed in liquid nitrogen,

using the same spectrometer and detector. The short circuit photocurrents of

the PIN diodes were measured as a function of wavelength at room

temperature; in this case the source was a 20 W tungsten- halogen lamp filtered

through a single- pass 1/2 meter spectrometer

Results.

Photoluminescence spectra for samples A through F at 4.2K are shown

in figure 8. All spectra contain boron bound exciton luminescence (1.092 eV)

associated with substrate doping. Samples A, B, and F display well resolved



quantum well luminescence associated with the no phonon energy and its

phonon replicas. The luminescence from sample D is somewhat broader,

along with some very broad luminescence peaked around 870meV which is

attributed to silicon dislocations [4]. Sample C shows dislocation luminescence

and possibly weak quantum well luminescence. Sample E contains only defect

luminescence. No phonon energies and the FWHM of the no phonon lines are

given in table 1.

For comparison, no phonon energies were calculated from the simple 1-

D square well model using measured X-ray values for well width and

germanium fraction x. The valence band offset was computed from germanium

fraction as follows [5]:

AEv = 0.9(-0.0039286 + 0.8275x - 0.23214x2).

The values of the effective mass of the heavy hole and the Si bandgap at 4.2K

used in this calculation were 0.261me and 1.17eV. The no phonon energy in

this model is approximated as the energy difference between the SiGe

conduction band and the lowest bound state in the well. In neglecting the

exciton binding energy Eex and the binding energy associated with centers in

the well Ebw, this model is expected to overestimate the no phonon energy Enp.

The variation of photoluminescence spectra with increasing temperature

is plotted in figure 9 for sample F. Higher temperatures cause the peaks to

decrease in intensity, broaden, and shift to higher energies. This shift in energy

can be explained by the transition of bound excitons to free excitons within the

well and is consistent with previous reports [6].

Electroluminescence spectra of samples A and F at 77K are plotted in

figure 10. The currents for samples A and F were 22ma and 177mA

respectively, with the diodes immersed in liquid nitrogen during the recording of

the spectra to minimize the effects of heating. Photoluminesence spectra taken



under the same conditions are provided for comparison. The increased noise

level compared to figures 8 and 9 reflect the fact that the samples were

submerged in liquid nitrogen while the spectra were recorded.

Figure 11 displays short-circuit photocurrent vs photon energy at room

temperature for samples A, F, D and E. The energies indicated by the arrows

mark the points where the signal current is equal to three times the noise level.

Discussion

The results of photoluminescence and defect etching are consistent in

assessing the quality of the films grown. The broadening and eventual

disappearance of the no phonon line and phonon replicas tracks with increases

in defect density shown in the quality indices in Table 1. Since all films grown

were within metastable strain limits, it is possible that the criticat thickness, at

least for quantum wells grown by UHVCVD at 600 C, is less than the value

obtained from the data in figure 1. Given this data set, it is difficult to assess

exactly where the critical thickness curve should fall, since the measurement of

well thickness (and hence average germanium fraction) assumes that the

quantum wells remained fully strained. Any relaxation will result in an

underestimate of well width. Relaxation of the films is not reflected in the X-ray

spectra, given the limited resolution of the spectrometer used to obtain the data.

There is good general agreement between the calculation of the no

phonon energies and those measured using photoluminescence, although the

model consistently overestimates Enp. This could reflect phenomena not taken

into account in this basic model, such as binding energies, or errors in some of

the values used in the calculation, such as effective mass. The biggest

disparities between calculated and measured Enp are for samples C and D; no



doubt these larger errors reflect at least partially the underestimate of well width

from X-ray.

For the electroluminescence spectra in figure 9, the prominent features

are the no phonon and Si/Si TO phonon replica associated with the quantum

well, and a peak at higher energy associated with band-to-band recombination

in silicon. For sample A, the most intense electroluminescence comes from

silicon, rather than the quantum well, in contrast to the results of Robbins [6] and

Sturm [7] for similar structures measured at 79.4K and 300K respectively.

The fact that silicon dominates the electroluminescence spectrum may be

related to device design and the imbalance of doping between the p and n

regions; with the present doping configuration, holes are efficiently injected into

the substrate, where the diffusion length for holes is greater than the thickness

of the quantum well stack. It would be interesting to compare the

electroluminescence of these diodes to diodes fabricated from the same layers

grown on heavily doped n type substrates, where the electron concentration

through the i region would be higher for a given current. The spectrum for

sample B is similar to sample A, although the electroluminescence peaks are

shifted to higher energies relative to photoluminescence. This shift may be the

result of the sample being heated to a significant degree by the large current

(177ma) used in obtaining the spectrum.

For the photoresponse curves in figure 8, the energy thresholds track

qualitatively with the no phonon energies measured from photoluminescence.

These curves show that is possible to tailor the photoresponse of these diodes

by varying the germanium fraction and width of the wells.



Conclusion

SiGe quantum wells can be used to modify the near IR optical properties

of Si based structures. The UHVCVD system at CMU is capable of producing

material of adequate quality for these applications, aithough the metastable

strain limit may be lower than previously thought for these MQW type layers.

The PIN diodes show that electroluminescence from quantum wells is possible,

and that photoresponse can be extended to lower energies by increasing well

width and/or germanium fraction. A next logical step would be to optimize

device design and to measure the efficiency of absorption and emission of

MQW structures in the near IR.

HIP Diode

This section is a progress report describing efforts undertaken thus far in

the growth, fabrication, and characterization of heterojunction internal

photoemission (HIP) diodes made from SiGe films. Background information 

given outlining device theory and relevant technical issues. Experiments and

results are listed chronologically, and the discussion which follows outlines

goals for future work.

Background

The SiGe/Si HIP detector diode was first demonstrated by Lin using films

grown by MBE [8]. These detectors make use of internal photoemission of

holes over a barrier created by the valence band offset between strained SiGe

heavily doped p-type films and p type silicon. Figure 12a shows a band

diagram of the HIP SiGe device at 77K. The minimum photon energy required

for emission over the barrier is Ev + z~Ev - El. For comparison, figure 12b shows



the band diagram for a platinum silicide Schottky diode, which is used as the

detector element in current state of the art infrared detector arrays.

The SiGe HIP diode offers several potential advantages over the

platinum silicide diode which have generated considerable research interest.

The primary advantage is the ability to tailor the minimum detectable photon

energy by varying germanium fraction. Secondly, for the SiGe diode the

carriers which can be excited by incoming photons are limited to a narrow band

of initial energies bounded by Ef and Ev, whereas for the PtSi diode, any carrier

with initial energy El- hv can be excited. As a result, the SiGe diode may offer a

sharper turn on and higher efficiency relative to its PtSi counterpart, providing

there is a sufficient density of carriers in the SiGe layer. Thirdly, there may be

less scattering of photoexcited carriers at the interface of SiGe and Si as

compared to the interface between PtSi and Si, which could result in higher

efficiencies of SiGe diodes.

The intended application for these SiGe HIP diodes is detector arrays,

where each diode of the array represents one pixel of the infrared image. For

the image to be accurate, diodes must be uniform in photoresponse from one

pixel to the next. Tsaur was able to create arrays using SiGe diodes grown by

MBE which showed sufficient uniformity for infrared imaging [9]. Although this

study investigates only individual diodes and not arrays, uniformity can be

estimated by measuring the variation in germanium fraction across a wafer. In a

previous study, the difference in Ge fraction across a 3" wafer was found to be

less than 2.5% from center to edge [3]. To first order, barrier height is directly

proportional to Ge fraction; therefore, the energy threshold for each pixel on a

given wafer should be uniform to within 2.5%. Across an individual die,

variation in uniformity should be significantly less than 2.5%.



Experiments and Results

Experiment 1

Heavily doped p-type SiGe films were grown on both n type and p type

(100) oriented 3" diameter silicon wafers. In total four growths were performed,

with one n type (3-10 ohm cm phosphorus) and one p type (10-20 ohm 

boron) substrate included in each run. The time of growth was 67 minutes for

all runs. The n type wafers were used for step height, SIMS, X-RAY, and room

temperature four point probe resistivity measurements. The film thicknesses

from step height were used to calculate resistivity, and active boron

concentration was estimated from resistivity using data for pure silicon. The

various growth conditions and measurement data are summarized in table 2.

The p type wafers were fabricated into devices using the same process

described in the PIN diode section. Device layers and geometries are given in

figures 13a and 13b. IN characteristics for samples 2 and 4 were recorded at

80K. The IN data for samples 2 and 4 indicate that the front contacts are all

essentially ohmic and the back contact is rectifying, in contrast to the intended

result.

The rectifying behavior of the back contact is easily explained by the

formation of a non ideal Schottky barrier diode between the aluminum and the

unpolished lightly doped p substrate. The ohmic behavior of the front contacts

is harder to explain, given that the films were determined to be of the

appropriate Ge fraction, thickness, and doping concentration. The mesa

structure used in processing is susceptible to edge leakage currents which

could dominate any rectifying behavior between the SiGe and Si layers.

Another possible explanation is Aluminum spiking from the top contact which

would essentially short out the junction. Boron contamination of the initial


