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ABSTRACT 
 

Monte Carlo simulation of carrier dynamics and far-infrared absorption in a selectively-doped p-type multi-
layer Ge structure with vertical transport was performed to test a novel terahertz laser concept.  The design exploits 
the known mechanism of THz ampli fication on intersubband transitions in p-Ge, but with spatial separation of light 
hole  accumulation regions from doped regions, which allows remarkable enhancement of the gain.  The structure 
consists of doped layers separated by 300-500 nm gaps of pure-Ge.  Vertical electric field (~ 1-2 kV/cm) and 
perpendicular magnetic field (~ 1T) provide inversion population on direct intersubband light- to heavy-hole 
transitions.  Heavy holes are found to transit the undoped layers quickly and to congregate mainly around the doped 
layers. Light holes, due to tighter magnetic confinement, are preferably accumulated within the undoped layers. 
There the relatively small i onized impurity and electron-electron scattering rates allow higher total carrier 
concentrations, and therefore higher gain, than in bulk crystal  p-Ge lasers. In contrast to GaAs-based THz quantum 
cascade lasers (QCL), the robust design and large structure period suggest that the proposed Ge structures might be 
grown by the chemical vapor deposition (CVD) method. The abilit y of CVD to grow relatively thick structures will 
simplify the electrodynamic cavity design and reduce electrodynamic losses in future THz lasers based on the 
presented scheme. 

 
INTRODUCTION 

 
Recent semiconductor-laser developments in the terahertz range of the electromagnetic spectrum include 

intervalence band p-Ge lasers [1], Si lasers based on opticall y pumped donors [2], and quantum cascade lasers 
(QCL) [3-5]. A fundamental challenge for any THz solid-state laser is intrinsic far-IR absorption by lattice 
vibrations, which increases rapidly with temperature.  Operation of solid-state far-infrared lasers at elevated 
temperatures can be achieved only if the gain is suff iciently high.  This requires high carrier density, but ionized 
impurity scattering and electron-electron interaction increase with density and generally work against the conditions 
needed for high gain. Improvements in QCL technology in overcoming these problems have been very rapid 
recently, with continuous wave output and operation temperatures above liquid nitrogen reported. However, because 
of high growth accuracy requirements, QCLs can be grown by technologically advanced molecular beam epitaxy 
method (MBE) only, which limits maximal structure thickness. To obtain high laser Q at  the long  THz 
wavelengths, structures should ideally be more than 10 micrometers thick. 

In bulk crystal p-Ge lasers, population inversion grows for certain ratios of electric and magnetic fields 
when light holes are accumulated on closed trajectories below the optical phonon energy, while heavy holes undergo 
rapid optical phonon scattering. Averaged over the ensemble of particles, cyclotron orbits in crossed E and B fields 

have different average radii for different effective mass. Light holes, drifting in the BE
��

×  direction, are free from 
optical phonon scattering and their 10-100 ps life time is defined only by scattering on acoustic phonons and 
impurity centers.  Heavy holes have larger orbits and gain sufficient kinetic energy from the electric field to reach 
the optical phonon scattering threshold.  Thus, their lifetime is only ~ 1 ps. This allows generation of an inversion 
population and the possibilit y of ampli fication on direct optical transitions between light and heavy hole subbands.  

As an alternative to bulk p-Ge lasers, innovative structures composed of doped and undoped regions of p-
type semiconductor were studied in this work (Fig. 1).  The spatial period of the structure was chosen smaller than 
the average Larmor radius of heavy hole trajectories in the crossed E and B fields, but larger than the average 
Larmor radius of light holes. The higher impurity-scattering rate for heavy holes assists in the accumulation of light 
holes.  



 
Fig. 1. Considered device structure.  Carriers from p+ layers are accelerated by the electric field (E) into cyclotron orbits 
determined by the perpendicular magnetic field (B).  Fields are tuned so that the average light-hole orbits are smaller than the 
doping period while heavy holes suffer strong impurity scattering at the doped layers.   
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METHODS 
 

The Monte Carlo computational model simulates free carrier motion in the Ge valence band for crossed 
electric and magnetic fields and cryogenic temperatures. The effective hole temperature reached by electric field (~ 
1kV/cm) heating is 100-200 K, i.e. much higher than the lattice temperature (4 K).  This heating is bounded by the 
optical phonon energy (430 K, 37 meV).  The period of the structure considered is ~ 350 nm and the typical 
magnetic field is ~1T.  Energy quantization due to magnetic field and confinement is considered negligible, which 
permits a classical approach to the hole spectrum and equations of motion. 

Carrier dynamics are simulated using classical motion equations and scattering probabiliti es to numerical ly 
solve the Boltzmann equation [6,7]. Time or ensemble averaged momentum and position yield the hole distribution 

functions )r,k(f h,l

�

�

 (subband (l,h), wavevector k and coordinate r). Two valence sub-bands (light and heavy holes) 

with isotropic and parabolic dispersion laws were considered. The standard Rees rejection technique chooses among 
scattering processes [6]. The rate of each scattering process is given by an analytic expression. Optical phonon 
scattering is treated in a deformation potential approximation [8,9]. Acoustic phonon scattering is simpli fied 
according to [10]. Inelasticity is included using [11]. 

 The unscreened Ridley formula [12] with Brooks-Herring inter(intra) subband coefficients [11] is used for 
ionized impurity scattering. Statistically distributed solid angles of hole motion direction were used to calculate 
electron-electron scattering by a modification of the method that was used for ionized impurity scattering.  These 
features in our MC procedure are new and differ from the approach to ionized impurity and electron-electron 
scattering that have been employed previously in p-Ge crystal laser simulations (see [13]). Besides being logically 
preferable, they predict results in better agreement with experiment than previous p-Ge laser MC simulations (see 
Appendix A).  

Monte Carlo code was speciall y written to include spatially varying scattering probabiliti es, which 
permitted simulation of carrier dynamics in media with stratified parameters, e.g. the structure with varying doping 
profile. Fig. 1 is a schematic of the preliminary structure considered.  For simulations presented here, the structure 
period d was chosen to be 350 nm. Geometry of the structure allows the infinite charged planes approximation (size 
of the sample in the directions perpendicular to doped layers is very large compared to structure period). 

Preliminary calculations indicated that redistribution of space charge influences the carrier dynamics at 
average concentrations above 314cm10 −  at considered structure periods of 350-400 nm. The redistribution of space 
charge was included in the form of an additional “ internal” electric field. Iteration was used to find self-consistent 
solution of the Poisson equation and thereof the spatial carrier distribution and potential profile. Total electric field 

across the structure is given by intext EE
x

E +=
∂
ϕ∂−= , where extE  is the applied external field, and ϕ  is electric 

potential. For any distribution of holes p(x) and negatively charged acceptor impurity centers N(x), the internal 
electric field along the period of the structure d is given by: 
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(1) 
where ε  is the relative dielectric constant, 0ε is the permittivity of free space, and e is the electron charge. Due to 

total neutrality of the crystal 0)d(E)0(E intint == .  
Small signal gain is calculated from the negative absorption of radiation due to direct inter subband (light to 

heavy) transitions and free carrier absorption assisted by phonons or ionized impurities [11]. In this case the 
absorption cross-section is proportional the integral over k of the difference 

)h)k(e)k(e(d)]r,k(f)r,k(f)[k(z hllhlh ν−−− , where the distribution functions )r,k(f h,l

�

�

 for light and heavy holes 

are simulation outputs, )k(e h,l are hole energies, and )k(zlh  is the unpolarized oscill ator strength [14]. The total 

absorption cross section due to indirect transitions is given by the integral over the total indirect transition 
probabilit y from an initial state (n,k,r) to all possible final states (n',k',r) due to absorption or emission of a photon, 
assisted by scattering.  

 
 



RESULTS 
 

Each period of the considered structure consisted of 0.8d pure germanium (2.6* 1310 3cm−  acceptor 
concentration) and 0.2d doped at concentrations 1410*5.3 - 1510*5  3cm− . This results in an average hole and 

acceptor concentration 13

av 10*9N = - 1510*1 3cm−  (zero compensation is assumed). Doping profiles have been 
chosen in the form of the solution to the diffusion equation [15], simulating possible acceptor diffusion under high 
temperature conditions of CVD growth with possible values T=750C and 15min duration (see Fig. 2). 
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Fig. 3. Bulk crystal and selectively doped structure gain spectra for different acceptor concentration and zero compensation. 



The spatial distribution of holes was investigated to determine the space charge and “ internal” electric field 
distribution within the structure due to the static distribution of negative ionized impurity centers and the dynamic 
distribution of positi ve holes. For these particular simulations we assumed zero compensation, so that all introduced 
doping centers are shallow acceptors. Applied external fields are E = 1.25 kV/cm, B = 1T, and the sample 
temperature is 10K. By introducing appropriate initial p(x), this self-relaxation method converges to a stable 
distribution of holes p(x) with fixed acceptor distribution N(x). The internal field due to polarization of mobile holes 
and fixed acceptors is found to be comparable to the external one. The resulting total potential for 

14

av 10*5N = 3cm−  is plotted in Fig. 2 as solid square symbols. The electric field is diminished in the first half of the 
structure period and augmented in the second (x>170nm). There is no potential well observed at this concentration. 
Light and heavy hole distributions are also plotted in Fig. 2. The light hole distribution is normalized using the 

relative density of states for light and heavy subbands (i. e. multiplied by 2

3

l

h )
m

m
( ). The majority of holes are 

concentrated near the doped layers and most of them are heavy. At the same time, the distribution of light holes has 
a maximum near the central region of the structure period, which creates strong inversion population there.  

Fig. 3 compares spatially averaged gain spectra for bulk p-Ge crystal and the structure from Monte Carlo 
simulations with different acceptor concentrations and zero compensation. The doping level that gives highest gain 
in the bulk crystal is 313cm10*9 − (in close agreement with experiments [1]). The average acceptor concentration that 
gives highest gain in the structure is 1410*5 3cm−  which exceeds the bulk value by more than a factor 5.  

Fig. 4 compares the spatially averaged gain at 100 1cm−  for the considered structure for different average 
acceptor concentrations from Fig. 3, compared with similar results for bulk p-Ge crystal. As noted, the peak 
concentration value for the structure is more than 5x larger than found for bulk p-Ge crystal for the same conditions. 
The optical gain goes to zero quickly at concentrations above 315cm10 − . The optical gain maximum in the range 80-
100 1cm−  for the structure is 4 times higher than the value for bulk p-Ge crystal.  

The spectral-spatial Far-IR gain distribution is shown in Fig. 5. All negative gain points are truncated at 
zero level. Positi ve gain occurs in the spectral region 50-200 1cm−  with local maximum in the central region of the 
structure period between doped layers. Average gain over the structure is positi ve. 
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Fig. 4. Gain at 100 1cm−  vs. average hole concentration for selectively doped structure and bulk crystal for zero compensation at 
E=1.25kV/cm, B=1T. 
 

  



 
Fig. 5. Gain spectrum distribution across two periods of the structure for E=1.25kV/cm, B=1T and average hole concentration 

314
av cm10*5N −= . 

 
 

DISCUSSION AND CONCLUSION 
 

The performed calculations show that THz gain on intersubband hole transitions in crossed electric and 
magnetic fields in the considered periodicall y doped Ge structure starts to decrease at remarkably higher average 
doping concentrations than that for bulk crystal p-Ge laser. Thus, such a structure can provide ~ 4 times higher 
spatially averaged gain than bulk crystal.  Spatial separation of light hole accumulation regions from doped regions 
makes this possible.  

The calculations have been performed at T=10K for a structure consisting of  ~ 70nm wide doped layers 
separated by ~ 280nm wide pure Ge gaps, so that the period of structure is 350nm. Applied electric and magnetic 
fields are 1.25 kV/cm and 1T, respectively. The maximum calculated local gain is  ~ 1cm6.0 − , and the average gain 

is  ~ 1cm4.0 − , while for comparison maximum calculated gain in bulk p-Ge crystal is  ~ 1cm1.0 − . 
Higher gain in selectively doped Ge structures permits smaller active volume and provides a planar 

realization of p-Ge laser, which facil itates heat extraction.  At the same time, higher gain allows lower electric field 
threshold, and hence lower Joule heating.  This wil l lead to higher duty cycle and perhaps to CW operation.   

The simplicity of proposed structure and potential use of the CVD growth method permit structures of 
remarkable thickness compared to existing QCL structures grown by MBE. Also note, that in comparison with QCL, 
the considered Ge structure has a very broad gain spectrum of 1cm20050 −− , so that stimulated THz emission can be 
tuned within this region by means of intracavity frequency selection. 

 
 
 



APPENDIX A 
 

This appendix collects results for bulk crystal p-Ge laser obtained using the Monte Carlo simulation code 
we developed. The new thing for this MC code over previous authors is that a more logical impurity scattering and 
electron-electron scattering procedure was implemented. The code includes a modified ionized impurity scattering 
and electron-electron interaction model, which, on our opinion, more adequately describes hot hole dynamics under 
the conditions of the p-Ge laser. These modifications were made in order to apply the code for carrier dynamics 
simulation in the considered selectively doped structure, where ionized impurity scattering and electron-electron 
interaction play a significant role. Carrier dispersion laws, however, were considered to be isotropic, which is a 
simplification that is rather appropriate for Ge. The purpose of presenting this material is to establish the accuracy of 
the code by comparison of the results with a variety of well-establi shed experimental characteristics of bulk p-Ge 
lasers.    

The usual approach was to use Debye screening or Conwell -Weisskopf method (see [11, 13]) for ionized 
impurity scattering. Sometimes a double quantity of scattering centers compared with aN  was used to account for 
electron-electron interaction. We consider unscreened ionized impurity scattering and scattering on heavy holes 
separately. Using an unscreened method of Ridley [12] avoids divergence of the probabilit y integral that Debye 
shielded was previously used to avoid. The difference with previous calculations is that the cross section goes to 
zero with increasing concentration very quickly after 1410*2 - 314cm10*4 − , and it gives an optimum concentration of 

313cm10*9 − , in close agreement with experiment (see [1]). In contrast, MC simulations with Debye screening 
predicted optimum concentration higher than 314cm10*2 − [11]. Fig. A1 shows gain cross section at 1cm100 −  and 
gain (cross section multiplied by concentration) vs. acceptor concentration without compensation, calculated using 
the novel methods.  
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Fig. A1. Gain cross section and optical gain vs. acceptor concentration (zero compensation is assumed). 
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Fig. A2. Comparison of bulk p-Ge crystal gain for 313

a cm10*9N −= with and without electron-electron interaction.  

 
Electron-electron scattering of light holes on heavy holes needs to be considered for accurate gain 

calculation. Fig. A2 presents gain spectra ( 313
a cm10*9N −= , compensation is zero) with and without e-e scattering.  

Electron-electron interaction significantly affects the optical gain of the bulk p-Ge crystal.  

0 10 20 30 40 50
0.04

0.05

0.06

0.07

0.08

0.09

0.10
 p=2*1014cm-3

 p=1*10
14

cm
-3

 p=7*1013cm-3

 p=3.6*10
13

cm
-3

G
ai

n 
(c

m
-1
)

Compensation (%)  
Fig. A3. Bulk p-Ge crystal gain vs. compensation for different hole concentrations wit h electron-electron interaction included. 
 

Fig. A3 presents new results on the effect of compensation on gain for different net hole concentration.  
These calculations show a stronger dependence of gain on compensation level than would be obtained using Debye 
screening model, especiall y at high concentrations. If non-zero compensation had been assumed in the calculations 
for Fig. A1, the optimal carrier concentration would have been reduced to levels even closer to the experimentally 
observed value ~ 313cm10*7 −  [11, 13].  



Fig. A4 presents calculated current density vs. applied electric field to show the saturation due to optical 
phonon scattering (compare [16]).   
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Fig. A4. Current density vs. applied electric field for bulk p-Ge crystal. 313
a cm10*6.3N −= , compensation is zero. Electron-

electron interaction is not included. 
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